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Abstract

In the quest to further increase the capabilities of modern transistors in terms of functional
diversification, enhancing switching speeds, and reducing energy consumption, Schottky
barrier field-effect transistors (SBFETs) are a promising platform for nanoelectronic de-
vices beyond static operation. Attributed to the incorporated metal-semiconductor junc-
tions in SBFETSs, a thorough understanding of the charge carrier transport is of utmost
importance for emerging reconfigurable electronics. In this work, Si, Si;_xGey, and Ge
nanowires (NWs) are contacted with single-crystalline and mono-elementary Al. The tech-
nology enabler to achieve the thereof obtained abrupt metal-semiconductor interfaces is
a thermally driven solid-state metal-semiconductor exchange mechanism. Using multi-
parameter current/voltage sweeps and temperature-dependent bias spectroscopy allowed
a systematic investigation of the charge carrier transport and mechanisms in the pro-
posed Al-group IV based SBFETSs, where the Al-Si material system revealed symmetric
n- and p-type Schottky barriers (SBs). In contrast, the Al-Sij_yGey and -Ge material
systems exhibited dominant p-type conduction due to Fermi level pinning close to the
valence band. Notably, bias spectroscopy allows the visualization of operation regimes,
which cannot be accessed by single parameter sweeps. Using the gained insights of the
charge carrier transport enabled the realization of the first-ever Al-Si based reconfigurable
field-effect transistor (RFET), allowing dynamic altering between n- and p-type operation
even during runtime. Further, bias spectroscopy allowed to determine optimal operation
conditions of the proposed RFETs for their integration in a complementary inverter and
wired-AND gate. Attributed to the inherently accessible negative differential resistance
(NDR) in Al-Ge based SBFETS, the electronic transport of the NDR regime was analyzed,
and NDR tunability was achieved by using a multi-gate architecture as well as creating
cascode circuits. In this respect, overlapping NDR regions were obtained, which is required
for the realization of NDR logic gates. Most notably, the realized devices and circuits com-
plement conventional CMOS technology and, further contribute to an increased functional
density, and may become valuable building blocks for emerging computing paradigms such

as artificial intelligence and neuromorphic electronic applications.
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Kurzfassung

Um die Fahigkeiten moderner Transistoren im Hinblick auf die Funktionsdiversifizierung
und die Erhohung der Schaltgeschwindigkeiten weiter zu steigern und den Energiever-
brauch zu senken, sind Schottky-Barrieren-Feldeffekttransistoren (SBFETS) eine vielver-
sprechende Plattform fiir adaptive nanoelektronische Bauelemente. Da SBFETs auf Metall-
Halbleiter-Ubergéingen basieren, ist ein tiefes Verstindnis des Ladungstrigertransports
fir rekonfigurierbare Elektronik von grofiter Bedeutung. In dieser Arbeit werden Si-,
Si1—xGex- und Ge-Nanowires (NWs) mittels thermisch induziertem Metall-Halbleiter Aus-
tauschmechanismus tiber abrupte Metall-Halbleiter-Grenzflaichen mit einkristallinen und
monoelementarem Al kontaktiert. Die Verwendung von temperaturabhingigen Multi-
Parameter-Strom-/Spannungs-Sweeps (Bias-Spektroskopie) ermoglichten eine systematis-
che Untersuchung des Ladungstragertransports und der zugrunde liegenden Mechanis-
men in den realisierten SBFETs. Die Analysen zeigten, dass das Al-Si Materialsystem
symmetrische Schottky-Barrieren (SBs) fiir Elektronen und Locher aufweist, wéhrend
das Al-Si;_xGeyx- und -Ge Materialsystem eine dominante p-Typ Leitung zeigt, die auf
ein Pinning des Fermi-Niveaus nahe dem Valenzband zuriickzufithren ist. Insbesonders
die Bias-Spektroskopie ermoglichte die Visualisierung von Betriebsregionen, die durch
einzelne Parameter-Sweeps nicht zugénglich sind. Die gewonnenen Erkenntnisse {iber den
Ladungstragertransport ermoglichten die Realisierung des ersten rekonfigurierbaren Feld-
effekttransistors (RFET) auf Al-Si-Basis, der den dynamischen Wechsel zwischen n- und
p-Betrieb sogar wihrend der Laufzeit erlaubt. Dartiber hinaus konnten die optimalen Be-
triebsbedingungen fiir RFETs und die Integration in einen komplementéren Inverter und
ein Wired-AND-Gate untersucht werden. Desweiteren wurde der negative Differential-
widerstand (NDR) in Al-Ge-basierten SBFETSs analysiert, und die NDR-Abstimmbarkeit
durch die Verwendung einer Multi-Gate-Architektur sowie durch die Schaffung von Kasko-
denschaltungen erreicht. In dieser Hinsicht wurden iiberlappende NDR-Bereiche erzielt,
die fiir die Realisierung von NDR-Logikgattern erforderlich sind. Die realisierten Bauele-
mente und Schaltungen ergédnzen die konventionelle CMOS-Technologie und tragen zu
einer hoheren Funktionsdichte bei. Sie kénnten wertvollen Bausteinen fiir neue Comput-

erparadigmen wie kiinstliche Intelligenz und neuromorphe Elektronik darstellen.

ii
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In this context, Al-group IV (Si, Sij_xGex and Ge) semiconductor nanowire (NW) het-
erostructures were analyzed and investigated from a nanoelectronics perspective, enabling
a better understanding of the obtained junctions integrated into Schottky barrier field-
effect transistors (SBFETs). In the thesis at hand, the main focus is set on the charac-
terization of the obtained devices, where Prof. James F. Cahoon performed the Si NW
synthesis at the Department of Chemistry, University of North Carolina at Chapel Hill,
the Si;_yGex NW growth was done by Dr. Bassem Salem at Université Grenoble Alpes,
CNRS, CEA/LETI Minatec and the Ge NW growth was performed by Dr. Alois Lugstein
at the Institute of Solid State Electronics, TU Wien as well as by Dr. Sven Barth at
the Physics Institute, Goethe Universitit Frankfurt. The structural analysis in terms of
scanning transmission electron microscopy and energy dispersive X-ray investigations was
done by Dr. Martien I. den Hertog, Institut Néel, CNRS, and Dr. Lilian Vogl, EMPA
Thun. The integration of the proposed SBFETs and electrical characterization was carried
out at the Institute of Solid State Electronics, TU Wien.

Publications published in the PhD program’s scope are referenced according to ”[RBx]”

and are listed in a separate bibliography at the end of the thesis.
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Glossary

The following elaborates and defines the meaning of frequently used terms that appear
throughout the thesis at hand. Moreover, the definitions shall support the reader by
clarifying specific terms.

Ambipolarity:

In SBFET technology the term “ambipolarity” describes a transfer 1/V characteristic
(Ip vs. Vi), which exhibits a n- (positive Vz) and p-type (negative Vi) characteristic.
Consequently, having a positive threshold voltage V} and a negative threshold voltage V;},

. n . . . .
as well as associated on-currents Ioép, combined in a single device.

Band structure vs. band diagram:

The (electronic) band structure describes the possible energy levels of electrons (conduc-
tion band) and holes (valence band), as well as band gaps.

The band diagrams used in the work at hand illustrate the electrostatic gating mecha-
nism evident in SBFETs by electrostatically tuning the energy landscape of the metal-
semiconductor junctions and the semiconductor. Thus, it does not impact the underlying
band structure, which is defined by semiconductor properties. Note that throughout the
work at hand, simplified band diagrams are used.

Bottom-up grown nanowires:

Nanowires are grown by a chemical reaction, i.e., chemical vapor deposition (CVD). In
this respect, the vapor-liquid-solid (VLS) mechanism uses a metal catalyst (commonly Au
droplets) as nucleation centers for nanowire growth. In general, the distinct positioning
of bottom-up grown nanowires for further integration is challenging regarding very-large-
scale integration (VLSI). Therefore, bottom-up grown nanowires are often considered in

prototyping platforms.
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Glossary

Group IV semiconductor:

In this work, the term ”group I'V semiconductor” covers Si, Ge, and its compound Si;_,Gey.
Note that, in general, Graphene, Germanene, and Silicene, as well as SiC and carbon nan-
otubes are further examples of group IV semiconductors but are not covered in this work.

"Slow” and ”fast” trap states:

In general, different origins of traps exist, whereas in this work, mainly interface charges
denoted as @y and fixed charges denoted as Qr are considered. Further, the lifetime of
the trapped charge carriers is an important aspect to consider. In this respect, carriers
trapped at the interface (Qj;) exhibit lifetimes in the ps- to ms-regime, whereas fixed oxide
traps (Qf) have lifetimes starting in the 100 ms-regime and can be as long as hours. Thus,
traps at the interface are denoted as "fast” as they occupy trap states for a shorter time
than fixed charges, which are ”slow”.

Transient stability:
In the scope of the work at hand, the term “transient stability” relates to two aspects:
First, "slow” and "fast” traps at the semiconductor-dielectric interface influence the charge

carrier transport because they may act as local gates. Remarkably, such trap states can
be occupied for hours once a charge carrier gets trapped. Second, charging effects are
caused by the relatively large area of the substrate in comparison to a single nanowire,
which also affects the charge carrier transport. From an experimental point of view,
subsequent measurement cycles and the hysteresis can be evaluated to get an impression
of the transient stability. Another approach is to perform a transient measurement by
applying a constant Vp and V (static operation) and monitor the current I over time.

Top-down nanowires:

Top-down nanowires exhibit a rectangular cross-section shape due to their fabrication
from thin films, e.g., from Silicon-on-Insulator (SOI) or Germanium-on-Insulator (GeOI)
substrates. Therefore, lithography and etching processes are used to fabricate nanowires,
which are then also denoted as nanosheets. Importantly, top-down fabricated nanowires
allow precise positioning and definition of the dimensions, enabling wafer-scale integration.
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Chapter 1

Introduction

Today, metal-oxide-semiconductor field-effect transistors (MOSFETSs) are the backbone of
modern electronic devices, which is further driven by recent advances in artificial intelli-
gence (AI) and machine learning (ML) as well as in robotics and autonomous systems, to
name a few. |1| In this respect, more powerful nanoelectronics in terms of simultaneous cal-
culations and higher switching speeds is desired. Moore’s law predicts that the number
of transistors of an integrated circuit, and therefore its computing capabilities, will dou-
ble itself approximately every two years. In the last decades, this progress was mainly
driven by continuous down-scaling of Si-based transistors and innovations in manufactur-
ing processes, such as, e.g., Extreme-Ultraviolet lithography. However, progressive
down-scaling introduces undesired short-channel effects, as, e.g., increased gate leakage
currents originating from quantum mechanical tunneling through the scaled gate oxide as
well as increased off-currents or even punch through of the transistor channel, preventing
a sufficiently low off-state of MOSFETs. In this regard, Wang and Lundstrom eval-
uated a limit for source-to-drain tunneling, which is well below 10 nm. Besides that,
simulations of Si nanosheets showed sufficient transistor functionality with gate lengths
down to 5 nm. Nevertheless, down-scaling can lead to loss of gate control and increased
energy consumption. @ In bulk MOSFETs, an industrial approach tackling such issues
is the introduction of halo implants or a low doped region, extending the source/drain
regions and preventing the expansion of the depletion region. However, doping and,
more specifically, sharp doping profiles require a complex manufacturing infrastructure
and high efforts in process development. For better electrostatic gating capabilities,
technologies such as FinFETs have evolved, providing an ultrathin body resulting in the
achievement of fully depleted channels. Moreover, FinFET technology paved the
way towards realizing three-dimensional (3D) stacked transistors, ensuring to continue
Moore’s law. [19)]
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Chapter 1: Introduction

Further, Gate-all-around (GAA) transistors emerged, which enable gating from each
channel’s facet, providing excellent gating capabilities with reduced short-channel ef-
fects. Nevertheless, fundamental physical limits of the underlying materials are
reached, i.e., embracing the thermal fluctuation limit (~100kg7": minimal switching en-
ergy guaranteeing error-free lifetime operation). [10]

In terms of further enhancing nanoelectronics, paradigms evolved, considering emerging
materials and architectures as well as two-dimensional (2D)- and one-dimensional (1D)-

confined channel geometries. . 23] From a materials point of view, Si is still the semicon-
ductor material of choice for a broad range of applications. The opportunity to thermally
grow native SiOy, which comes with a modest interface trap state density and highly
optimized Si-technology manufacturing processes, makes it an advantageous semiconduc-
tor. However, other group IV semiconductors, such as Ge and Si;_Gey, have
remarkable advantages for distinct applications, as e.g., in p-MOS transistors, BiICMOS
technology and also as strain layers to increase the channel’s charge carrier mobility.
Especially, the smaller band gap of Ge in comparison to Si [Ey(Ge) = 0.66€V vs. Eq(Si)
= 1.12eV], and lower effective masses of approximately half of Si, allows to achieve higher
switching speeds using of Ge. , However, its native oxide, GexOy, may come with
considerable drawbacks as, e.g., its water solubility and a potentially high interface trap
state density. Nevertheless, advancements in atomic layer deposition (ALD) tech-
nology, and hence the possibility to fabricate high-x oxides and nitrides, , allow to
tackle drawbacks on the formation of the native Ge oxide. Importantly, using Ge-based
materials and ALD techniques even allows co-integration with established Si-based com-
plementary metal-oxide-semiconductor (CMOS) technology.

Regarding enhanced architectures, the functional diversification of devices on the transis-
tor level is driven, e.g., by using multi-gates, allowing an increase in the functionality of
single transistors and even logic gates. A common term for such technologies is
"Beyond CMOS”, which covers the exploration of emerging materials and functionalities
as well as considers emerging transistor architectures. Attributed to the mature and
highly optimized Si-technology, "Beyond CMOS” implementations depict add-on comput-
ing paradigms to the established CMOS technology, featuring n- and p-type FET operation
on the same substrate. Particularly, in the scope of "Beyond CMOS”, Schottky bar-
rier (SB) FETs (SBFETs) turned out to deliver a promising device architecture for the
realization of emerging devices, such as multi-mode transistors, ., 43] surface plasmon
detectors [44] .,. 45| and even Josephson junction FETs (JJ-FETS). .,. | In this context
SBFETs make explicit use of dedicated metal-semiconductor junctions (MSJs). [4
Considering an un-doped semiconductor and ideally identical SBs for electron and hole
injection, the properties of MSJs can be facilitated to electrostatically tune the energy
landscape of the conduction and valence band of the semiconductor, allowing to alter
the injection and control of the electron and hole transport. Attributed to the
non-ohmic source/drain contacts electron and hole potential barriers are evident at the
MSJ.
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Thus, the Fermi level pinning is of high importance, as it determines the actual SB heights
(SBHs) exhibited to electrons and holes, and thus highly influences the on-currents
and transconductance of SBFETs. As source/drain material, metal-silicides, and -
germanides, as obtained, e.g., by Ni- or Co-reactions, are of high relevance because of
their well-established processing techniques in the semiconductor industry and electronic
properties. Metal-silicides and -germanides are created from a solid-state exchange
reaction between the metal and the semiconductor, initiated, e.g., by rapid thermal anneal-
ing (RTA), enabling stable metal-silicide/germanide-semiconductor junctions. However,
precise processing techniques, i.e., temperatures and timings, are required to obtain the
desired material phase, e.g., NiSiy in the Ni-Si material system. Another promising
source/drain material is Al, which does not form any inter-metallic phases and features
single-crystalline Al after the solid-state exchange. As an essential asset concerning
scaling, specific SBFET applications do not necessarily require doping profiles.
Figure shows a structural comparison of a bulk n-MOSFET vs. a SBFET with an
un-doped channel, illustrating the general material stack differences, which undoubtedly
get evident in the metal(source)-semiconductor-metal(drain) heterostructure and the non-
existent doping areas in the proposed SBFET.

b
Source Gate Drain ( )Source Top Gate Drain
O

Top Gate Oxide

Gate Oxide

Back Gate Oxide
Substrate

O
Bulk Back Gate

Figure 1.1: Schematic material stack cross-sections of (a) a bulk n-MOSFET, and (b) a SBFET
with an un-doped channel. The metal source/drain regions in SBFETs have advantages associated
with low formation temperatures (here: Al-Ge at 673K and Al-Si at T73K) and their atomically
abrupt nature. Note that source, drain, and bulk metallizations are not illustrated.

From the wide range of 2D- and 1D-confined geometries, semiconductor nanowires (NWs)
are essential in the "Beyond CMOS” era. Regarding transistor realizations, bottom-up
grown N'Ws, with their cylindrical shape and potentially smooth surface, feature excellent
gating capabilities using a surrounding gate stack. Moreover, NWs provide a
favorable geometry as a starting material for SBFETSs, as they feature enhanced lattice
relaxation properties advantageous for heterojunction formation, which are not accessible
in bulk systems. [63]
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Chapter 1: Introduction

In the past, nanoscaled Al-Ge junctions embedded in Al-Ge-Al NW heterostructures drew
great attention, attributed to their integration capability in superconductor-semiconductor
devices, which enabled the exploration of quantum effects and the realization of JJ-FETs.
, On the basis of NW SBFETS, also promising nanoelectronic device concepts were
realized in the past. First, reconfigurable FETs (RFETSs), which merge the properties of a
n- and p-type transistor in a single device by using the capability of charge carrier filtering
inherently provided by SBFETs. Thus, enabling to switch between n- and p-
type operation even during runtime. Weber et al. published essential contributions in
this respect, leading to a profound understanding of RFETs. , Second, devices
with negative differential resistance (NDR), whose function is inherently provided by the
band structure of Ge, enabled by the accessibility of the transferred electron or Gunn
effect. Therefore, sufficiently high electric fields must be applied to the Ge channel,
decreasing the current despite increasing the bias voltage. In the past, numerous NDR
investigations on Ge-based NWs were carried out. , In this respect, certain NDR
figures of merit (FOM) of Al-Ge-Al heterostructure SBFETSs were already determined.
Importantly, in 2021 also on base of an Al-Ge-Al SBFET, a RFET architecture with a
tunable NDR region was proposed by Sistani et al., demonstrating a promising device
towards the realization of multi-valued logic (MVL), |76] which perform calculations with
a higher base than two.
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1.1 Motivation

Based on the introduction and the discussed topics, the following section lays out the
motivation of the PhD thesis at hand, focusing on the used materials, characterization
methodologies, and derived devices and applications.

Characteristics of Al-group IV heterojunctions in SBFETSs

In the past, Al as source/drain contacts in SBFETs was established to create hetero-
junctions with 1D-confined Ge nanostructures, i.e., Ge NWs. Thus, resulting in
the formation of an abrupt metal-semiconductor interface without an inter-metallic phase
and the possibility to create ultrascaled Ge quantum dots. In this respect, the mate-
rial system was investigated thoroughly from a low-temperature physics aspect, exploring
quantum effects. Recently, based on Al-Ge-Al NW heterostructure SBFETS, also
nanoelectronic applications were realized, such as RFETs and devices with NDR.
Setting the Al-Ge material system into perspective to Si and Si;_Gey raises the question
of fabricating NW-based heterostructure SBFETs based on Si. In the case of successfully
achieving Al-Si and Al-Si;_yGey based SBFETs, the charge carrier transport is of partic-
ular interest because of an expected difference of the Fermi level pinning evident in the
thereof obtained MSJs. In particular, the Al-Si material system promises similar SBHs
for electrons and holes. Moreover, in transistor applications, relevant FOM, such as
on- and off-currents, and the subthreshold slope, to name prominent parameters, are
of high interest and shall be evaluated for the obtained devices.

How do Si, Si;_yGeyx and Ge NWs perform regarding the Al solid-state ex-
change mechanism? What are particular charge carrier transport mechanisms
in Al-group IV Schottky junctions integrated in SBFETs?
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Chapter 1: Introduction

Applying advanced characterization methodologies

In general, transfer (Ip vs. V) and output (Ip vs. Vp) characteristics are the two basic
methods to characterize transistors electrically. In SBFETs, the gate electrostatics and
absolute temperature considerably impact the manifold charge carrier transport mecha-
nisms. Moreover, the absolute temperature in the scope of thermionic emission (TE) plays
an important role, as dedicated SBs are evident in the proposed devices. In this sense, ad-
vanced characterization methodologies are required to understand the charge carrier trans-
port and operation regimes of SBFETs. Thus, inspired by low-temperature physics,
T-dependent bias spectroscopy shall be explored as a methodology to evaluate operation
regimes of the proposed Al-group IV SBFETs. In this respect, bias spectroscopy allows
to consider the influence of multiple parameters, which single-parameter sweeps can not
cover.

How can advanced characterization methodologies, such as T-dependent bias
spectroscopy, lead to a more profound understanding of Al-group IV semi-
conductor junctions and devices?

Utilizing Al-group IV SBFETs for emerging devices

Reconsidering the already stated research questions and raising the primary goal of the
"Beyond CMOS” era in using emerging materials and architectures to realize device con-
cepts, the obtained results shall be facilitated. Therefore, NDR in Ge-based devices has
been investigated in the past in different geometries and device architectures. , As
mentioned previously, even a NDR-mode RFET on base of Al-Ge-Al NW heterostructures
was proposed. Additionally, essential contributions in the field of MVL were published,
which also rely on NDR. , Therefore, a well-controllable and predictable NDR regime
is required. In this context, resonant tunneling diodes (RTDs) based on group III-V semi-
conductors exhibit desired properties; however, they require complex device designs, which
are pre-defined during fabrication. In the scope of the thesis at hand, an approach
to evaluate dedicated NDR regimes in Al-Ge SBFETs shall be examined. Moreover, the
possibility of tuning and enhancing the NDR functionality shall be investigated.

How can the understanding of Al-group IV SBFETs contribute to the re-
alization of emerging devices? How can the obtained insights improve the
tunability and enhancement of NDR in Ge-based SBFETs?
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1.2 Outline

First, in Chapter [2| the theoretical background of the underlying materials and the pro-
posed MSJs, as well as the involved charge carrier transport, is elaborated. Additionally,
two important nanoelectronic device concepts — RFETs and devices with NDR, — are dis-
cussed and presented in conjunction with state-of-the-art devices.

Chapter [3| presents the SBFET device integration and discusses the used structural and
electrical characterization techniques. Regarding SBFET FOM, the focus is set on the
applied methodologies used for their extraction. Additionally, the concept of bias spec-
troscopy is introduced.

Having discussed the underlying theory as well as experimental techniques, Chapter
presents the obtained results, which may answer the previously stated research questions
(cf. Section [1.1)). Therefore, in the first step, the structural properties of the investi-
gated Al-group IV MSJs are presented, followed by detailed electrical characterizations
of the obtained SBFETs, where also T-dependent bias spectroscopy is used to compare
the different material systems. In the next step, investigations of the first Al-Si based
RFET and, thereof, realized basic logic circuits are presented. In the scope of facilitating
Ge, NDR based on Al-Ge SBFETs and multi-gate SBFETS is exploited, enhancing NDR
tunability. Further, the proposed SBFETs are implemented in cascode circuits, demon-
strating increased NDR functionality. Finally, top-down fabricated Al-Ge based SBFETSs
are presented, on which a bias-tunable temperature coefficient of resistance (TCR) is
demonstrated.

Lastly, Chapter [5|summarizes the main aspects discussed in the PhD thesis at hand and
reflects the stated research questions. Additionally, an outlook on potential extensions is
given.

Appendix[A] provides additional insights on Al-Si and Al-Ge based SBFETS, which support
the presented results. Further, Appendix [B| shows the first TCR results of Al-Si based
SBFETSs realized from silicon on insulator (SOI).
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Chapter 1: Introduction

Finally, a selection of state-of-the-art vs. novelties regarding Al-group IV SBFETs is illus-
trated in Figure laying out the achievements obtained in the scope of the PhD thesis
at hand.
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Figure 1.2: FEwvolution of different Al-group IV SBFET architectures in applications and used
methodologies. The bottom row shows past achievements based on the architectures illustrated in
the middle. The top row shows highlights obtained within the PhD thesis at hand.
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Chapter 2

Background

This chapter discusses the theoretical background required to answer the stated research
questions (cf. Section and considers state-of-the-art methodologies as well as already-
realized devices in relation to the proposed work.

First, Section [2.I] elaborates on the used materials and physical properties of semiconduc-
tor NWs. Next, Section presents theoretical aspects of the heterojunction formation,
where special attention is given to the thereof obtained SBs and their inherent electronic
properties. Section [2.3] discusses the functional concept and involved charge carrier trans-
port in SBFETs. Further, the modeling of the effective Schottky barrier height (eSBH),
also denoted as activation energy F,, is covered. Moreover, the transferred electron effect,
enabling NDR in Ge, is elaborated. Lastly, Section [2.4] reviews and discusses state-of-the-
art RFETs as well as Ge-based devices with NDR.

2.1 Materials

In contrast to more common silicides and germanides, in the work at hand, Al is used as
source/drain metal contacts to the semiconductor because of its establishment in the Al-
Ge material system broadly used within the low-temperature physics community exploring
quantum effects. , Further, as the focus is set on Si, Si;_xGeyx and Ge NWs, the
gained CMOS knowledge obtained in the last decades is beneficial in terms of realizing
"Beyond CMOS” devices.

Therefore, this section introduces the materials used in the proposed Al-group IV SBFETSs
[cf. Figure [L.1[b)]. As the source/drain metal is a particular feature of SBFETs, Al
as such is elaborated in Section followed by a section covering the two group IV
semiconductors, Si and Ge, as well as its compound Si;_xGey in Section 2.1.2] Finally,
Section [2.1.3] discusses the physical and structural properties of semiconductor NWs.
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Chapter 2: Background

2.1.1 Aluminum

Aluminum (Al) is a metal with the atomic number 13 and exhibits a lower density of
2.67 g/cm? at room temperature (RT) (293.15K) in comparison to other common metals
(cf. Fe: 7.87g/cm?), making it favorable for a wide range of light-weight applications. For
a free Al atom an empirical radius of 143 pm was evaluated. Furthermore, without
the influence of other elements, Al crystallizes as a face-centered cubic (fcc) crystal with a
lattice constant of a = 404.9 pm at RT. Caused by its electron shell configuration with
a few electrons available for metallic bonding, Al exhibits a relatively low melting point of
933.5K, a low electrical resistivity of 2.65 x 1078 Q2 m at RT and a thermal conductivity of
237TW/(mK). The work function, which is the energy required to remove an electron
from the Al bulk surface to vacuum, is in the range of 4.06eV to 4.26eV and is (theo-
retically) an important aspect to consider within the realization of SB-based devices as
the work function directly determines the potential barrier when in intimate contact with
a semiconductor (cf. Section . Due to its relatively low resistivity and high
thermal conductivity, Al was used vastly in the past as a metallization and interconnect
material. Moreover, the use of Al was promoted by the lower influence of deep-level
impurities acting as discrete energy levels within the Si or Ge band gap, whereas, e.g.,
Au impurities exhibit energy levels close to the intrinsic Fermi level. However, in-
creased on-currents revealed a significant drawback of bulk Al in terms of void formation
and electromigration, , causing avoidance of Al in front end of line (FEOL) pro-
cesses. Considering the exhibition of superconductivity at a critical superconducting
temperature T, = 1.2K and a critical magnetic field of 10mT, the use of Al was suc-
cessfully demonstrated in superconductor-semiconductor-superconductor devices for the
realization of Josephson junction FETs (JJ-FETS).

Aluminum oxide

In the era of high-x dielectrics, the native oxide of Al, i.e., AloO3 plays an important
role in terms of semiconductor surface passivation reducing the density of interface traps
(Dy), and additionally ensuring scaling paradigms . The electrical insulator
exhibits a band gap E; ~ 8.7eV and has a dielectric constant ¢, ~ 9 for amorphous
deposited AlOsg. Therefore, a 10 nm thick layer of AlsOg exhibits an equivalent oxide
thickness EOT = tpigh—x - (€510, /€high—x) Of 4.3nm. Further, it has a dielectric strength
Eas ~ 13.5MV /cm. Another important characteristic of AloOs is its high density of
fixed charges (Qf) with negative polarity, formed at the SiOy interface, leading to
the repulsion of electrons at the Si/SiOy/Al2O3 interface. Consequently, AloO3 as gate
oxide is not used in very-large-scale integrated (VLSI) Si-technology, but the suppression
of surface recombination can be useful, e.g., in solar cells. In this respect, Hiller
et al. extracted negative fixed charges in SiO2/AlOy/SiOz-stacks on Si with Qf in the
range of 101" — 10'2cm ™2, using C/V measurements. As the influence of interface and
surface trapped charges are highly relevant for NWs, a more detailed discussion is given
in Section 2.1.3]

10
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In the past, Al was restricted in the FEOL of planar MOSFETs because of
void formation and electromigration with Si at high currents. No-
tably, nanoscaled Al was successfully implemented for the realization of
superconductor-semiconductor junctions, where Al becomes super-
conducting at T, = 1.2K. Attributed to the high oxygen reactivity, Al
enables the formation of Al,Os3, a high- dielectric (e, ~ 9) with Q; in the
range of 102 — 10'3 cm~2.

2.1.2 Silicon and Germanium

This section discusses the two group IV semiconductors, Si and Ge, used as channel ma-
terial for the proposed SBFETs. Additionally, the compound Si;_xGey is considered.
Moreover, their associated native oxides are discussed.

If not otherwise stated, information from ”Semiconductor Devices: Physics and Technol-
ogy” by S.M. Sze is used.

Elemental Si

Si is a semiconductor with atomic number 14 and is in the group. It has its melting
and boiling point at 1687.15 K and 3538.15 K, respectively. Empirically, a Si atom exhibits
an atomic radius of 111 pm. Its electron affinity (Si crystal surface) ¢Xg = 4.05e¢V and
is defined as the energy required to remove an electron from the conduction band E¢ to
vacuum. As mentioned in the introduction, Si is widely used for a broad range of electron
devices. In this respect, Si used as channel material in transistors, exhibits a face-centered
diamond cubic crystal structure with a lattice constant a = 543 pm at RT. The band
structure of Si, shown in Figure reveals the indirect band gap nature of Si with E,(Si)
= 1.12eV. Thus, valence electrons excited by a photon need a momentum change to
transit to the conduction band. Note that the Si surface orientation and any compressive
or tensile strain have a crucial impact on the band structure. Consequently, leading
to a change of the effective mass m* and further of the mobilities of electrons and holes
n/ - , In this respect, the effective mass m* is defined according to Equation ,
illustrating that the second derivative of the E(k) relation (band structure) defines the
(inverse) effective mass m* and thus influences the mobility p of the charge carriers. The
mathematical relation between the effective mass m* and mobility u is discussed in detail

in Section 2.3.3

4th

1 OF

)" =

(2.1)
Especially in nanoscaled structures, i.e., NWs, quantum effects also considerably impact
the band structure (cf. Section [2.1.3]), as reducing the dimensionality leads to band split-
ting. [L00] Nevertheless, the illustrated bulk band structure shows the main characteristics

of Si. Note that bulk parameters of Si compared to other relevant semiconductors are
shown in Table 211
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Chapter 2: Background

T=300K AEnergy

J L/

E=112eV .
g k
<100> <111>
EV \ Heavy holes
/\ Light holes
Split-off band

Figure 2.1: Band structure of bulk Si. The green arrow indicates that charge carrier transition is
only possible by an additional momentum component, e.g., phonon excitation, due to the indirect
band gap Es. The valence bands are illustrated as heavy and light holes as well as split-off bands.
Image adapted from .

Silicon dioxide

Attributed to the capability of growing native SiO5 from Si paved the way for Si technology
in the semiconductor industry. Moreover, thermally grown SiOy exhibits a relatively low
density of interface trap states (Dj;). Amorphous SiOy (grown by thermal oxidation)
exhibits a band gap of 9eV at 302K and has a relative dielectric constant €, = 3.7 to 3.9.
The dielectric strength £ ~ 10 MV /cm depends on the level of impurities and defects,
which act as localized electric field enhancements on the surface. In general, fixed charges
Qs in the Si/SiOq stack are positive because of incomplete Si bonds, which can be defined
as a charge sheet at the interface with densities of about 10'°cm =2 /eV considering a (100)-
oriented Si crystal. Besides its use as passivation, ﬂmﬂ it also progressed below ~2nm
thickness for the application as gate dielectric in MOSFETs. [103,/104] Moreover, SiOy is
used for diffusion and ion implantation masks, where Si-nitrides also play an important
role. Importantly, SiOs can be fabricated by wet and dry thermal oxidation, whereas dry
thermal oxidation achieves a higher quality in yielding a lower density of trap states. In
general, thermally grown SiOo with a thickness x consumes a layer of Si with a thickness
of 0.44x (growing 100 nm SiO9 consumes 44 nm Si). Regarding fabrication processes, SiOq
can be patterned and etched using hydrofluoric acid (HF).

L4 Si is the most common semiconductor used for electron devices
and has an indirect band gap E, = 1.12eV. It enables the growth of
its high-quality native SiOs by thermal oxidation with low Dj in the
~10"%cm~2eV~! range.

12
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Elemental Ge

Ge is located in the 4*" group of the periodic system as well and is also an indirect semi-
conductor like Si. The melting and boiling temperature of Ge is 1211.4 K and 3106 K,
respectively. An isolated Ge atom has an atomic radius of 122 pm. The electron affinity
of the Ge surface is 4eV and thus exhibits a similar value to Si (cf. Si: 4.05¢eV). More-
over, Ge crystallizes in the same diamond crystal structure as Si with a lattice constant
a = 565.77 pm. Figure 2.2 shows the band structure of bulk Ge with the conduction band
Eq highlighted at & = (111) (also denoted as L-valley) as well as the 2"¢ conduction band
(AE) at k = (100) (also denoted as X-valley). The direct band gap Er; only exhibits an
energy difference of 0.14 eV to the indirect band gap F,. Thus, using band gap engineering
approaches, i.e., applying strain, allows to realize light-emitting diodes or lasers.
The AE valley has an energy difference of 0.19eV to the indirect band gap E,, which
plays the main role in the transferred electron effect, leading to NDR. Note that a
detailed discussion regarding the transferred electron effect, resulting in NDR is described

in Section 2.3.3

T=300K AEnergy
Ge \/
ﬁg =0.66 eV
E., =0.80eV
AE =0.85 eV
E
e B[R i
<100> e <>
Ey

Figure 2.2: Band structure of bulk Ge, revealing its indirect band gap E,. The upper valence
band Ev indicates heavy holes, whereas the stronger bent valence band illustrates light holes [cf.

FEquation / Image adapted from .
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Chapter 2: Background

Ge has an indirect band gap E, = 0.66 €V, which is ~67 % lower than that of Si. Thus,
using Ge as channel material in transistors promises lower supply and threshold voltages.
Attributed to the lower band gap, Ge has the drawback of higher source/drain
leakage currents than Si. In relation to Si, Ge exhibits hole mobility values, which
are ~3 times higher, supporting faster switching speeds in p-type transistors. Although
Ge has benefiting properties for the realization of transistors and was even used for the
first-ever realized transistor by Bardeen and Brattain, Ge was not broadly used
in the past. This fact can be attributed to two issues: First, in Ge bulk based diodes
and transistors, spontaneous screw dislocations occurred (Germanium whiskers), which
may lead to electrical shorts. Second, its native oxide GexOy, which may consist of
different material phases, e.g., GeOy or GesQOs, is soluble in water and is not stable at
ambient conditions. Moreover, the fabrication of pure Ge is more cost-intensive compared

to Si. [112]

Germanium oxides (GexOy)

In contrast to Si, which enables the fabrication of high-quality SiO2 by thermal oxidation,
Ge does not inherently feature the fabrication of a reliable native oxide. Nevertheless, two
stable native oxides — GeOy and GeO — exist, where especially GeOs leads to a reduction
of the density of interface trap states at the Ge/GeO; interface with values as low as
10" em—2eV—L. However, also GeoO3z and GesO are formed during oxidation,
which are not stable and exhibit Dj; values up to 10®cm—2eV—1. Moreover,
all Ge,xOy phases remain water soluble.

L4 Ge has an indirect band gap F, = 0.66¢V, enabling lower supply volt-

l ages compared to Si. Moreover, its high charge carrier mobility promises
higher switching speeds than Si. Ge inherently features NDR function-
ality by accessing the transferred electron effect. Its native oxide Ge,Oy
consists of different oxide specimens, which can be water soluble and
are not stable at ambient conditions.
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Si;_xGeyx compound

Silicon-germanium is an alloy with a particular molar ratio of Si and Ge, and has the
molecular formula Si;_4Gey, which notation is also used throughout the work at hand.
Considering the atom radii of Si (111pm) and Ge (122pm), reveals that Ge atoms are
~4 % larger than Si atoms. In this respect, the realization of stable Si;_,Gey structures
was restricted in the past due to manufacturing challenges. However, such lattice mis-
match issues can be tackled by the integration of Si;_yGey in nanoscaled devices, i.e.,
NWs, because of their lattice relaxed nature (cf. Section [2.1.3). In the same manner
as for pure Si and Ge, Sij_xGey crystallizes in a diamond cubic crystal structure. [117]
Nowadays, Sij_xGey is commonly used as source/drain material to strain the channel of
p-MOSFETSs, resulting in higher charge carrier mobilities and consequently increased on-
currents. Moreover, attributed to its compound nature, Si;_Gey offers the possibility
of band structure and band gap engineering within the boundaries of Si and Ge, which
gets obvious in the corresponding semiconductor parameters in Table

In terms of Si;_xGey oxidation, LeGoues et al. found that Ge piles up at the SiO9/Si;—Gex
interface with Ge playing a catalytic role, enhancing the reaction rate by a factor of
approximately three. Therefore, the formation of native SiOs is also possible on
base of Si;j_xGey. In this respect, on a Sig14Gegsgg sample a negative @y and Dj in
the range of 10'2cm~2 was extracted by LeGoues et al. In terms of high-x oxide de-
position, the AloO3/Sip7Geg s interface was investigated by Kavrik et al, claiming
Dy = 102cm=2eV 1.

[ J Sij_xGey allows to engineer the band structure and (indirect) band
l gap within the range of pure Si and Ge. It also features the fabri-
cation of native SiO9, however with the drawback of a Ge pile-up at
the SiO2/Sij—xGey interface. In this context, @y and Dj in the range of
10*2cm =2 was extracted, which also holds for the AlyO3/Sig7Geg 3 interface.
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Chapter 2: Background

Finally, Table shows characteristic bulk parameters of the discussed group IV semi-
conductors, Si and Ge, as well as its compound Si;_yGey. For reference, parameters of

the common group III-V semiconductor, GaAs, are also shown.

Parameter Elemental Si | Elemental Ge Sil,XGexEl GaAs
Band gap energy (eV) 1.12 0.66 0.80-1.05 1.42
~3 ~1 ~1.5-2.5 ~4
Breakdown field (V/cm) 105 <105 105 105
Effective mass
Electrons (m}/mg) 0.26 0.12 ~0.12-0.26 || 0.063
Holes (my/mo) 0.49 0.33 ~0.33-0.57 0.57
Intrinsic carrier 9.65 2.4 1.8-0.6 2.25
concentration (cm™3) x10? x1013 x1013 %106
Lattice constant (pm) 543 565 560-549 565
Mobility [cm?/(Vs)]
tn (Electrons) 1450 3900 3300-2100 9200
i (Holes) 505 1800 1537-813 320

Table 2.1: Comparison of relevant bulk parameters of semiconductors under investigation, ex-
tracted from . Value ranges for Siy_x Gex are covering high to low Ge content. Note that
mg 18 the free electron mass. Additionally, GaAs parameters are shown for comparison. Note that
absolute values may differ for low-dimensional structures, i.e., NWs. [@/

% Parameters for Si;_Gey are extracted from \\ and show results of Sig.25Geg.75 and Sig.75Geg.25.

2.1.3 Semiconductor Nanowires

NWs are nanoscaled structures with a cylindric or facetted shape and a diameter in the
nm-regime. Based on these structures, many different materials can be implemented,
ranging from metallic, semiconducting, and even superconducting NWs, [124]
demonstrating their versatile nature. In general, the fabrication methodology can
be differentiated between bottom-up grown NWs, which mostly use chemical vapor depo-
sition (CVD) methodologies, e.g., vapor-liquid-solid (VLS) growth, and top-down
NWs, where NWs with a rectangular shape (also denoted as nanosheets) are pat-
terned from a thin film, i.e., silicon on insulator (SOI) [129]. Notably, using a bottom-up
NW growth mechanism inherently defines the channel’s diameter, allowing it to exclude
lithography. In particular, etching processes may lead to higher surface roughness and dan-
gling bond density, which certainly becomes relevant for top-down fabricated nanosheets.
In this context, additional annealing steps are required for top-down NWs to reduce the
density of trap states. A significant advantage of bottom-up methodologies is the
ability to use a wide variety of precursors, allowing the realization of compounds and
heterostructures.
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Moreover, bottom-up grown NWs enable doping without the need for ion implantation,
where desired doping atoms are supplied by the used precursor gas. In terms of hetero-
structure formation, the lattice relaxation properties of NWs are beneficial, whereas the re-
alization of heterostructures is a challenging task for bulk semiconductors. , For
passivation or gate dielectric deposition, vertically VLS-grown N'Ws provide the possibility
to cover them in a surrounding insulator, enabling GAA implementations. [20}[133,[134]
Thus, providing the best achievable electrostatic gating capability compared to other gat-
ing concepts. However, bottom-up, VLS-grown NWs have limitations in deterministic
position control, as the growth catalyst defines the position of the NW growth. Nev-
ertheless, strategies including contact printing of parallel NW arrays, and the growth
of in-plane NWs in combination with guided or patterned ledges were proposed. In
this context, 3D-stacked NW integration methodologies were demonstrated as well.
In general, VLS-grown NWs exhibit a multi-facet cross-section, as shown in Figure (b)
However, NWs are mostly illustrated as cylinders with a circular shape for simplification
reasons. In the scope of the thesis at hand, the focus is set to nominally un-doped group
IV semiconductor NWs, which build the channel material of SBFETs. Moreover, NWs
grown by the VLS methodology will be considered unless otherwise stated.

d VLS-grown semiconductor NWs are a versatile platform, enabling the

l realization of radial heterostructures, which is supported by their in-
herent lattice relaxed nature. NWs provide an excellent gating capa-
bility, enabled by their cylindrical shape, further exhibiting a high surface-
to-volume ratio.

Semiconductor nanowires in nanoelectronics

In general, bottom-up grown NWs are promising building blocks in the "Beyond CMOS”
era due to previously mentioned aspects, which cover excellent gating capabilities and ver-
satile material compositions as well as having decent lattice relaxation properties. More-
over, dimension scaling of NWs allows to engineer the band structure and, therefore,
influencing the charge carrier transport, enabling particular advancements, as discussed
next. As shown in Figure a), considering a NW with diameter dxw that is orders
of magnitudes smaller than the channel length allows to set dyw in relation to the ex-
citon Bohr radius af, which is defined as the distance required to separate an electron
and hole. Thus, leading to discrete energy states and resembling an energy spectrum
evident in a 1D-confined density of states (DOS) system. In general, the DOS determines
the number of allowed states, which results in a quantization in low-dimensional systems.
In bulk (3D) — with spatially free movement of charge carriers — a continuously increas-
ing (parabolic) energy spectrum is evident, whereas, in 2D systems, the energy spectrum
changes to constant terraces with decreasing DOS for higher energies.
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Chapter 2: Background

In 1D systems, i.e., NWs, energy states, known as van Hove singularities, are accessible.
Further, these are often denoted as 1D-confined systems because charge carrier movement
is only possible in one spatially defined direction. For the sake of completeness also
quantum dot (0D) systems are mentioned, where merely discrete energy peaks are evi-
dent, resulting in single confined charge carriers. The exciton Bohr radius af = 4.9nm
and 24.3nm for Si and Ge, respectively, showing that quantum confinement in Ge NWs
takes place at a larger dyw in comparison to Si. , Regarding the DOS, quantum
confinement leads to shifts and band splitting in the band structure, affecting the charge
carrier distribution, effective masses m™*, charge carrier mobilities u and quantum capaci-
tances. In general, the band gap F, increases with decreasing the diameter d according to
Es~d™", with n being a factor equal to unity or higher. Thus, on 1D-confined Si
and Ge NWs — also considering the crystal orientation — the exhibition of a direct band gap
was demonstrated. Regarding the NW channel length Lgc, the mean free path
of charge carriers needs to be considered, as this may lead to an increased contribution of
ballistic charge carriers. The characteristic of ballistic transport is that it is not diffusive,
i.e., it does not scatter at impurities or other defects. Thus, the mobility p does not play
an important role, and the average carrier velocity does not depend on the lateral electric
field. Simulations by Gilbert et al., including phonon scattering in Si NW transistors,
revealed a mean free path of ~1.4nm, which also indicates the good scaling possibilities
of the Si-technology. For Al-Ge-Al NW heterostructures with nominally un-doped
(111) oriented Ge NWs, Sistani et al. evaluated a RT mean free path of 45nm.

Figure 2.3: (a) Illustration of a simplified NW with dimensions and indicated fized oxide charges
Qs, which can be positive or negative. Additionally, a passivation/dielectric shell is shown. (b)
Ezample of an (110)-oriented Si NW showing a difference of Dy in correspondence to its surface
orientations. The (001) and {(001) surfaces exhibit a lower Dy in comparison to the other direc-
tions. Image adapted from @/

Another important aspect to consider is the influence of charged surfaces and trap states,
which is, in particular, crucial for NW applications, [144]145] because of their large surface-
to-volume ratio.
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As shown in Figure a), one distinguishes between fixed charges in the dielectric (Qs),
mainly responsible for threshold voltage shifting, and interface trapped charges (Qjt)
in charges/cm 2, where the polarity — positive (donor) or negative (acceptor) — determines
the particular influence on the charge carrier transport. The latter is commonly
given as an interface trap state density Dy in cm™2eV ™!, where Dj; = Qj; /q. In terms of
D;; the surface orientation needs to be considered, as Dj; exhibits different values in
dependence of the crystal surface orientation, also shown in the example of an (110) Si
NW in Figure (b) In consequence, processed NWs, i.e., oxidized Si NWs, have a
complex multi-facet surface with a high variability of Dj;. Importantly, trapped charges
act as local gate charges, electrostatically influencing the charge carrier transport along
the channel and further impacting the total current flow through the NW, which can
cause a reduction of the active diameter area and restrict charge carrier transport to
the core of the NW. Hence, a low Dy is desired, which, e.g., can be achieved at
the Si/SiO9 interface by terminating dangling bonds at the Si interface by annealing,
reducing @Qj; to values in the range of 10%cm=2. An effective way to extract Dy is
through C/V measurements, which, however, is challenging on single NWs because
of low capacitance values . In this respect, low-frequency noise (LFN) investigations
are a promising way to overcome the limitation of low capacitances. Nevertheless,
from an experimental point of view, the explicit origin of traps is difficult to obtain. [149
Further, mechanical stress (strain or compression) on the NW can be applied to tune
the band structure and the band gap. Remarkably, the concept of mechanical
stress was successfully demonstrated by induced strain during thermal oxidation of Si
NWs. Reconsidering the dependence between the band structure [E(k)] and
the effective mass m* [cf. Equation (2.1))], also the effective channel mobility 4 is highly
influenced by a change of the band structure. Consequently, having a direct impact on
the on-currents and switching speeds. In terms of the mobility extraction of single
NWs, considering a MOSFET behavior with ohmic contacts in the triode and saturation

region, Equation ({2.2]) holds:
Olp (W \7!
= (@) (2.2)

- OV \Lg

where Ip is the current through the NW, Vp is the applied bias, W corresponds to dnw,
Lg is the gate channel length and @Q; = Cox(Ve — V4) is the channel/inversion charge,
with Vg being the applied gate voltage and V; being the thermal voltage (25.86 mV at
RT). Notably, the gate oxide capacitance Cox of a single NW is again challenging to
extract due to low values which are below the resolution limit of conventional measurement
equipment. Concerning MSJs and their associated SBs (cf. Section, strong band
bending mechanisms and a low DOS result mainly in a diffusive charge carrier transport.
Nevertheless, on the basis of top-down fabricated NWs, certain methodologies
were used to extract the mobility, including the fabrication of up to 1000 parallel NWs,
increasing the capacitance, or fabricating symmetric Hall bars for the extraction of

the mobility. [154]
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Chapter 2: Background

4 Using semiconductor NWs in nanoelectronics, fixed charges Q¢ and in-

l terface trap charges Q;; are critical aspects to consider in terms of
threshold voltage shifting and hysteresis. As NWs exhibit low capaci-
tance values, i.e., Cy, the extraction of Dy and the u of single NWs is
hindered by conventional C/V and I/V measurement methodologies.

In the scope of the thesis at hand, Si NWs with dyw >> af; (Si: afy = 4.1nm) are used,
preventing the exhibition of 1D-confined effects. However, the used Ge NWs exhibit diam-
eters dyw in the range of the exciton Bohr radius of Ge (Ge: ajfy = 24.3nm). Therefore,
quantum effects need to be taken into account. In respect to the channel length Lgc,
all proposed SBFETs have channel lengths that are orders of magnitude longer than the
mean free path with lengths in the ~pm-regime. Thus, diffusive charge carrier transport is
guaranteed. Note that no dedicated electrical investigations in dependence on the surface
crystal orientation of NWs were performed. However, the previously discussed relations
shall lay out the manifold influences of the NW nature on the charge carrier transport.
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2.2 Metal-Semiconductor Junctions

The underlying metal-semiconductor junctions (MSJs) build the base of the proposed
SBFETSs and are essential for the charge carrier transport. Thus, Section [2.2.1] discusses
the solid-state exchange reaction of Al and Si as well as of Al and Ge from a theoretical
materials perspective. Moreover, the use of Al as source/drain metal is set in relation
to the commonly used metal-silicides and -germanides. Further, Section [2:2.2] elaborates
on the involved charge carrier transport mechanisms evident in SBs and, in particular,
discusses Fermi level pinning of the obtained Al-group IV semiconductors, which highly
influence the charge carrier injection into the semiconductor channel.

2.2.1 Metal-Group IV Heterojunctions

A significant prerequisite for realizing SBFETS is the formation of reproducible and abrupt
MSJs. A convenient methodology to achieve such junctions is a thermally induced diffusion
process leading to an exchange of the semiconductor and metal. Notably, a considerable
advantage of such MSJs embedded in NWs is that the interfaces are never exposed to am-
bient conditions, thus promising low defect density at the MSJ. In this respect, intensive
research was carried out for metals, forming metal-silicides and -germanides in conjunction
with Si and Ge, respectively. , Moreover, Al plays a vital role in solid-state exchange
mechanisms when brought into contact with Ge because no inter-metallic phase is formed,
resulting in single-crystalline Al connected to Ge. Additionally, Al exhibits superconduc-
tivity at a critical temperature T, = 1.2 K, which was driving research of Al-Ge junctions
in the scope of low-temperature physics, exploring quantum effects.

In the following, the underlying solid-state exchange mechanism of the Al-Si and Al-Ge
material systems is discussed from a theoretical point of view. Experimental consider-
ations and processing techniques are introduced in Chapter In the final part of this
section, a summary of the insights and the relation to metal-silicides and -germanides is
elaborated.
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Chapter 2: Background

For a better understanding of the following section, Figure (a) shows the underlying
material stack and progress of the solid-state exchange reaction, whereas Figure b)
illustrates the finally obtained NW heterostructure. Generally, the solid-state exchange
mechanism follows the same theoretical considerations for all investigated Al-group IV
material systems.

(a) t=0 RTA t
L After Al deposition

X

Al

Figure 2.4: (a) Material stack after Al deposition that progresses to reduced channel lengths Lsc by
applying a rapid thermal annealing (RTA) process, initiating the solid-state exchange mechanism
of Al and proposed group IV semiconductors. Moreover, Al allows subsequent annealing steps,
enabling channel length adjustment without forming inter-metallic phases. (b) 3D illustration of
the finally obtained NW metal-semiconductor heterostructure, including a passivation shell.

Al-Si heterojunction

As discussed in Chapter [I] the Al-Si material system promises similar SBHs for the injec-
tion of electrons and holes, which is featured by symmetric Fermi level pinning. There-
fore, an ambipolar SBFET operation is expected, favoring the realization of RFETs.
In general, the Al-Si exchange mechanism can be analyzed from two perspectives. First,
the Al-Si phase diagram describes the phases of the two materials in dependence on tem-
perature and their molar ratio. Second, the diffusion coefficients of the corresponding
materials at an absolute temperature. Therefore, in the first step, the Al-Si phase dia-
gram shown in Figure 2.5] is analyzed to evaluate an appropriate annealing temperature,
which was chosen at 773 K. In this respect, a rapid thermal annealing (RTA) process is
used (cf. Section to initiate the exchange mechanism. Importantly, a single eutectic
point at a ratio of 12.6 wt % at T' = 820 K is evident, leading to the fact that the exchange
mechanism is indeed a solid-state reaction if executed at an annealing temperature of
773 K. Moreover, no inter-metallic stoichiometry is evident in the solubility gap of the
phase diagram, as illustrated in Figure [2.5]
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Figure 2.5: Bulk binary Al-Si phase diagram. The chosen annealing temperature at 773K is well
below the eutectic temperature, enabling a solid-state exchange mechanism without forming inter-
metallic phases. %-values in the diagram are in weight percent (wt%). Image adapted from .

Next, the diffusion coefficients at a typical reaction temperature T' = 773 K are discussed,
as illustrated in Table Considerably, asymmetric diffusion kinetics are evident, where
diffusion of Si in Al and Al in Al is comparatively high compared to Al in Si and Si
self-diffusion, i.e., Si in Si. In this respect, Al atoms travel efficiently via a self-diffusion
mechanism through the available Al and finally reach the Si surface, where they compen-
sate for a Si atom. Thus, upon reaching the appropriate interface energy, a lattice space
within the Si crystal is occupied. In this context, the lattice relaxed nature of NWs sup-
ports the MSJ assembly, although the lattice constants a of Al and Si differ (Al: 404.9 pm
/ Si: 543 pm, both at RT). Considering the diffusion coefficients and assuming Si diffusion
in Al, enabled by interstitial occupation, Si atoms can diffuse across the entire Al segment
and ultimately reach the Al pads and structure surface (cf. Figure . In this context,
it is assumed that surface diffusion plays an important role.

Al in Al [156]
(cm?/s)

Al in Si

(em?/s)

Si in Al

(em?/s)

Si in Si [159)
(cm?/s)

6.2 x 10710

1.9 x 10722

4.4 x 1078

6.5 x 10719

Table 2.2: Diffusion coefficients of the Al-Si material system. The diffusion coefficients are
calculated for an annealing temperature of T = T73K, whereas values of the indicated references
were used.
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Chapter 2: Background

Al-Ge heterojunction

The thermally induced solid-state exchange mechanism can be evaluated in the same man-
ner for the Al-Ge material system, where similar properties are evident. Compared to the
Al-Si material system, Al-Ge junctions were broadly used in the past to explore quantum
effects and nanoelectronic devices. Concerning nanoelectronics, the inherent
exhibition of NDR in Ge is of significant importance (cf. Section [2.3.3).

Starting with the Al-Ge phase diagram in Figure [2.6] a similar characteristic, but at lower
temperatures, to the Al-Si material system with a single eutectic point at 51.8 wt % is
evident. Again, no inter-metallic phases exist below the eutectic temperature T" = 693 K,
supporting the formation of single-crystalline MSJs. Here, an annealing temperature of
673 K was chosen to initiate the solid-state exchange mechanism. Moreover, consecutive
annealing steps can be executed to define the channel length, which was proven by the
fabrication of quantum disks with thicknesses below 10 nm.

Atomic percent (at%) of Ge
20 40 60 80
1211 K

=]
S
T

Liquid + Ge

Temperature (K)

———
Liquid + a-Al 693 K
ool '\:6_'2,,;0 """"" 1 " " “Annealing at 673K ~
a-Al Eutectic
a-Al + Ge

Al 20 Ge

40 60 80
Weight percent (wt%) of Ge

Figure 2.6: Bulk binary Al-Ge phase diagram. The annealing temperature at 673K is below the
eutectic temperature, enabling a solid-state exchange mechanism without inter-metallic phases. %-
values in the diagram are in weight percent (wt%). Image adapted from [160)].

The diffusion coefficients of the Al-Ge material system shown in Table[2.3]are analyzed in
the next step, which again reveal asymmetric values but of a higher degree than the Al-Si
material system. In this respect, the diffusion of Al in Ge and Ge self-diffusion
is up to 13 orders of magnitude smaller than Al self-diffusion and Ge in Al diffusion.
Thus, the same thermally driven diffusion mechanism is supported, as evident in the Al-
Si material system. Note that the shown values are calculated for a proposed annealing
temperature of 673 K.
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Remarkably, the Al-Ge material system exhibits a lattice mismatch of Aa = 161 pm,
however still maintaining abrupt and stress-free MSJs as shown later in Section
However, at the interface, El Hajraoui et al. evaluated a rotation of 18° between the Al and
Ge planes, which may be attributed to relaxation processes. Similar investigations, but
on top-down fabricated Al-Ge-Al heterostructures, were carried out by Wind et al.
In the latter work a rotation of 6° was evaluated. Remarkably, they also investigated the
Al-Ge exchange mechanism in dependence of the crystal orientation by rotating the Ge-
layer in steps of 22.5° from the initial (110) direction to an (110) direction. Remarkably,
no significant dependence on the exchange rate was observed, promoting the reproducible
and stable Al-Ge exchange mechanism.

Al in Al [156]
(cm?/s)

Al in Ge [161]
(cm?/s)

Ge in Al [156)
(cm?/s)

Ge in Ge
(cm?¥/s)

3.6 x 10711

1.5 x 1023

1.9 x 10710

1 x 10722

Table 2.3: Diffusion coefficients of the Al-Ge material system. According to stated references, the
diffusion coefficients are calculated for a temperature of T'= 673 K.

Al-Si;_Ge, heterojunction

Generally, one can expect that the Al-Si;_Gey exchange mechanism follows a similar
pattern as for the Al-Si and -Ge material systems. However, no dedicated Al-Si;_,Gey
phase diagrams for certain Si/Ge compound ratios are available. In Reference , the
inter-diffusion of Si and Ge is stated for different Si;_yGey ratios, where values from
approximately 10~28cm?/s to 10~ cm?/s for Si and Ge inter-diffusion can be calculated
for an annealing temperature T = 773 K. However, no dedicated values are given for
Al-Si; _Gey diffusion.

Concerning the Al-Sij_Gey exchange mechanism, Luong et al. performed investigations
in a scanning transmission electron microscope (STEM) and analyzed the thereof obtained
junctions on the basis of nominally un-doped and predominantly (111)-oriented Sig 67Gep 33
NWs. Remarkably, they identified a Si-rich layer between the Al- and Sigg7Geg.33-
segment, which in theory may act as a Fermi level re-pinning interlayer, because Al
pins close to the middle of the Si band gap (cf. Section . 78]
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Chapter 2: Background

Differences to metal-silicides and -germanides

Distinctly different in terms of the solid-state reaction, e.g., in NiSi, , PtSi,
or CoSi [168], where the diffusive metal atoms react with the host Si lattice to form a
compound phase at the interface to the pristine Si, in the proposed Al-group IV material
systems no remaining Si or Ge within the intruded and reacted regions was found (cf.
Section . The MSJ formation is further supported by asymmetric diffusion coefficients
(cf. Table[2.2{and Table as well as the phase diagrams (cf. Figure[2.5/and Figure .
Consequently, Si and Ge are out-diffused and are entirely replaced by Al. In contrast, out-
diffusion only plays a minor role for metal-silicides, as, e.g., in NiSis, most Si is retained,
as the NiSiy exhibits a comparable Si density to the Si host lattice. Moreover, the high
Al purity of the Al leads was confirmed in the Al-Ge material system by electrical super-
conducting measurements. Further, demonstrating a significant advantage of Al-group
IV material systems due to the possibility of realizing superconductor-semiconductor de-
vices. In terms of the annealing process, the Al-group IV solid-state exchange
mechanism shows less variability in comparison to NiSi-Si junctions, because of a repro-
ducible and deterministic metal phase without the formation of an inter-metallic phase.
In this respect, metal-silicides also make use of alloying elements, e.g., W or Pt in NiSis,
to improve morphology and stabilize crystallographic phases. Therefore, limiting the
flexibility in semiconductor processing that might introduce changes to the SBH,
which is avoided by the use of single-elementary Al. Nevertheless, thin (110)-oriented Si
NWs showed a direct lattice-matched NiSiy segment without the formation of different
phases. A significant advantage of silicides is their ability to use self-aligned pro-
cesses resulting in salicides. Attributed to the metal-salicide-semiconductor nature,
selective metal etching can save an additional lithography process step promoting indus-
trial applicability. Regarding metal-Ge junctions forming germanides, such as NiGe, a
higher variability and unpredictability in deterministic stabilization of phases impact the

electronic transport and SBHs. |174}/175]

(4 Phase diagrams and the asymmetric diffusion coefficients of the Al-Si and

1 Al-Ge material system support the formation of mono-elementary
and single-crystalline Al leads to Si and Ge without the formation
of inter-metallic phases. Further, as demonstrated on the Al-Ge mate-
rial system, nanoscale Al provides void-free interfaces. Moreover, Al
as source/drain material features superconducting and plasmonic
applications in SBFETs.
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2.2.2 Schottky Barrier Characteristics

Achieving abrupt MSJs allows for elaborating the electronic properties regarding the
Schottky barrier (SB) characteristics. In general, a SB is evident if the Schottky bar-
rier height (SBH) ¢p > k7. Importantly, having such non-ohmic, rectifying contacts
allows the realization of SBFETs and their diversified functions in the scope of "Beyond
CMOS™. Moreover, SB-based devices have proven their excellent suitability for high-
frequency and microwave devices because of majority carrier transport without the neces-
sity of depleting a space-charge region in comparison to pn-junction based devices. [17]

In the following, theory from ”Semiconductor Devices: Physics and Technology” by S.M.
Sze and "Metal-Semiconductor Contacts” by E. Rhoderick is used unless oth-
erwise stated. Note that in these references doped semiconductors and a one-sided MSJ,
i.e., the potential of the semiconductor is controlled by an additional ohmic junction, are
considered.

A SB generally assembles when a metal and semiconductor are brought into contact. Thus,
a dedicated potential barrier is evident. Naturally, applying a bias voltage, the SB can be
operated in forward direction, influencing the effective SBH, as discussed later. Similar
to pn-junctions, a space-charge region forms at the MSJ. In terms of describing the basic
properties of an ideal SB, the following considerations need to be taken into account:

e The metal and semiconductor are in intimate contact without the presence of another
material layer and impurities at the MSJ.

o At the MSJ, no inter-diffusion of the metal and semiconductor occurs.

e The space-charge region is confined to a depletion zone with width Wp.

In this respect, the width of the depletion zone Wp is given according to Equation (2.3)).

_ 2085
Wp = \/qND (Vi = V), (2.3)

where ¢4 is the permittivity of the semiconductor, Np is the donor concentration (for a
n-type semiconductor), V;; is the built-in voltage and V is the applied bias. Analyzing
Equation allows to conclude that Wp is reduced with increasing the doping con-
centration. Further, this leads to the fact that the Fermi level is moving closer to the
conduction band, and a stronger band bending towards the MSJ occurs. Further, the
depletion width directly influences the junction capacitance Cj = e5/Wp, which is not
constant, resulting from the bias dependency of Wp. In this respect, merely Cj is defining
the switching speed or reverse recovery time t,, in Schottky junctions, whereas in conven-
tional pn-junctions also the recombination time of majority and minority charge carriers
need to be considered. Therefore, SB-based devices are often denoted as "majority
carrier” type devices.
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Chapter 2: Background

Typical t,, values for Schottky junctions are ~100ps and for pn-junctions several mi-
croseconds to ~100ns. Moreover, Schottky junctions exhibit lower forward voltages Vg
in comparison to pn-junctions, which are for Si Schottky diodes typically in the range of
0.2V to 0.4V.

Figure 2.7 illustrates the formation of the SB for a n-doped semiconductor [(a,b)] and a p-
doped semiconductor [(c,d)], respectively, whereas (a) and (c) show the relevant energies of
the metal and semiconductor when not in intimate contact and thus no SB has formed yet.

(@) (b)
q(D Evac q(D .

s

VAC Fs

n-type “v
Semicond.

(c) E

S

qd

VAC

p-type EV
Semicond.

Figure 2.7: (a) Metal and n-doped semiconductor before brought into contact with relevant en-
ergies. (b) Formation of SB when metal and semiconductor are in intimate contact, showing
dedicated barriers for electrons ¢pn and holes ¢pp. (¢) and (d) show the same configurations for a
p-doped semiconductor. In (b) and (d), the thermal equilibrium is maintained, as the band edges
are bent towards the MSJ.
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Finally, after bringing the metal and semiconductor in intimate contact [cf. Figure b,d)]
allows to deduce the following relations, where Equation describes the metal work
function ¢, and Equation the electron affinity Xs. Note that the semiconductor work
function ¢g is defined as the energy difference between the semiconductor Fermi level Egg
and the vacuum energy level Fy,c.

qPm = Evac — Erm, (2.4)
qu = Evac - ECv

where Fgy, is the metal Fermi energy level and Fg is the energy level of the conduc-
tion band edge. Next, dedicated SBs for electrons ¢p, (also denoted as n-type SB) [cf.
Equation (2.6])] and holes ¢}, (also denoted as p-type SB) [cf. Equation (2.7)] are derived.

Q¢Bn = q<¢m - Xs)» (26)
Q¢Bp = Eg - Q(Qbm - XS)7
Eg - Q(¢Bn + ¢Bp)7

where E, is the band gap energy consisting of the sum of the electron and hole SB [cf.

Equation ([2.8])].

When the metal and semiconductor are in intimate contact, the Fermi levels of the metal
Fry, and the semiconductor Exg level out by establishing thermal equilibrium, constituting
a common Fermi level Ep. Thus, a charge carrier flow is guaranteed, causing band bending
towards the MSJ within the depletion zone Wp and forming a built-in potential barrier
¢bi, which definition is given in Equation . Applying a bias voltage V with energy
qV, which equals ¢y, establishes a flat-band condition, holding V' = Vgp.

¢bi = ¢m - ¢s (2.9)

Regarding ¢, the doping concentration plays a vital role as it directly affects the built-in
potential ¢y, leading to a higher degree of the band bending towards the MSJ.

Real Schottky barriers

So far, the formation of ideal SBs has been considered. However, in real applications,
important aspects that highly influence the height and shape of the SB need to be taken
into account, as the charge carrier transport in the proposed devices is mainly determined
by the SB properties. One aspect to consider is the barrier lowering effect, which occurs
in case the SB is no longer in equilibrium, i.e., applying a bias voltage and consequently
changing the electrostatic landscape of the MSJ.

29



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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Figure 2.8 illustrates a change of the SB shape and height induced by barrier lowering
effects. A possible origin is the image force lowering effect, known as the Schottky effect,
indicated by the dashed curve. In this context, an electron with negative charge —q at
distance x from the metal surface in the semiconductor is evident, and electric field lines
terminate at the metal/semiconductor interface. However, these field lines act positively
with +q at a distance —x from the metal surface, depicting a mirror image of the electron
charge (cf. inset in Figure . In correspondence to Figure A¢ can be calculated

according to Equation (2.10). [50]
&
Ap =] -2 (2.10)

dey’

where £ is the applied electric field across the MSJ.

Additionally, the barrier lowering effect causes the valence band to exhibit a shift towards
Epy, (not illustrated in Figure. However, due to practical reasons and the uncertainty
of € across the MSJ, in the following illustrations, the ideal triangular-shaped SB is used.
Besides the image force lowering effect, metal-induced gap states (MIGS) can also lower
the SB, which follows a linear trend with £ and can be as large as image force lower-
ing. Moreover, MIGS are identified to highly determine the Fermi level pinning as
discussed thoroughly next.
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Figure 2.8: Barrier lowering mechanisms lead to a reduction of the SBH and a shift of the SB
(red solid curve), resulting in a different SB shape. In the illustration, the effect of image force
barrier lowering (black dashed curve) is indicated, whereas the inset shows the proposed mechanism

at the MSJ.
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Fermi level pinning at Schottky junctions

A significant and essential property of SBs is the concept of Fermi level pinning, which
directly impacts the n- and p-type SBH. Considering previously stated equations, i.e.,
Equation and Equation as well as the semiconductor electron affinity Xg of
n-doped Si and Ge, Al-Si and Al-Ge with Al having a metal work function ¢, = 4.20eV
leads to the calculated values in Table 2.4

Parameter | (Al-)Si | (Al-)Ge

E, (V) 1.12 0.66
X, (eV) 4.05 4.00
$Bn (V) | 0.15 0.20

) 0.97 0.46

Table 2.4: Ideal n- and p-type SBHs of the Al-Si and Al-Ge material system derived from the work
function of Al and the electron affinity of Si and Ge. Note that the corresponding semiconductor’s
surface electron affinity X is used.

However, in real applications, the SBHs ¢, and ¢p, do not match with the calculated
ideal ones in Table In this respect, Fermi level pinning comes into play, which may
originate from different sources, as, e.g., inhomogeneities, i.e., MIGS, and surface states at
the MSJ. Figure illustrates the influence of surface states at the MSJ and its
n- and p-type SBs. In general, Fermi level pinning is caused by an equilibrium condition
of the free surface of a semiconductor. In contrast to a bulk semiconductor with an infinite
collection of 1D potential wells, the Kronig-Penney model and Bloch’s theorem cannot be
used to derive the F(k) relation at the surface. Instead, a model that treats the interface as
a continuum of localized energy states within the band gap is applied. In order to maintain
equilibrium, these states may be occupied or empty, as indicated by horizontal bars at the
MSJ in Figure [2.9] where yellow bars depict occupied states below the Fermi level, leading
to bending of the conduction and valence band. Moreover, the energy q¢o determines the
charge neutrality level (CNL), which describes an electrically neutral surface and builds
the central aspect in explaining Fermi level pinning. In dependence on the Fermi level
energy and the CNL, positive or negative net charges lead to a shift of the conduction
and valence band. Reconsidering the ideal SB and the absence of any surface states, g¢og
would pin according to the values stated in Table In particular, empty surface states
depict a net positive charge, whereas filled surface states exhibit a net negative charge,
leading to an electric field, which causes band bending and therefore pins the Fermi level
accordingly to Fpy,.

In the past, various approaches were proposed, allowing to tune the degree of Fermi level
pinning, including dopant segregation at the MSJ or the introduction of an
interlayer between the metal and semiconductor [182184]|. Both methodologies change
the surface states and, thus, tune the Fermi level pinning.
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Figure 2.9: Influence of surface states at the MSJ leading to distinct SBs for electron and hole
injection. Consequently, determining Fermi level pinning that is significantly different compared to
ideal MSJs. In respect to maintaining thermal equilibrium at the MSJ, the occupation of surface
states may change, shifting ¢o (CNL) and resulting in a difference of the n- and p-type SBHs.

Nishimura et al. elaborated on the Fermi level pinning of the Al-Si and Al-Ge material sys-
tem as illustrated in Figure [2.10|(a,b), respectively. In particular, they experimentally
investigated the Al-Ge material system, where for the extraction of the SBH, mainly I/V
characteristics were acquired. Additionally, C/V measurements were used for comparison.
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Figure 2.10: In dependence of surface states, various selected metals pin differently to the band
gap of (a) Si and (b) Ge, denoted as Fermi level pinning. Importantly, most metals pin close to
the valence band of Ge, whereas in the metal-Si material system, the Fermi level pinning spreads
wider. The red vertical bars indicate the middle of the band gap. Image adapted from .
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In the Al-Si material system, shown in Figure a), it becomes evident that the selected
metals pin differently within the band gap of Si. In 1965, Cowley and Sze published a
work stating that ¢g is approximately one-third of the Si band gap. Thus, leading to
a ¢pn = 0.75€V and a ¢p, = 0.37€V of an isolated Si surface, further causing a 66 %/34 %
ratio between the n- and p-type SBH. Consequently, according to Figure (a), using
metals with different metal work functions allows the tuning of the SBH in dependence
of the used metal. Another solution for tuning the SBH is the selection of an appropriate
passivation, influencing interface states. Tao et al. demonstrated ohmic SBs for Se- and
Ti-passivated Si(100) and Si(001) surfaces, respectively. Importantly, Al, as
proposed in the thesis at hand, is expected to pin relatively close to the middle of the Si
band gap, promising similar SBHs for the injection of electrons and holes.

Analyzing the Al-Ge material system in Figure b) shows that all selected metals pin
close to the valence band Ey of Ge. In this respect, Thanailakis et al. evaluated that
¢o = 0.13 eV above the valence band edge of Ge. Moreover, Dimoulas et al. extracted
similar values with ¢g = 0.09¢€V, leading to Ers >> ¢yg. Therefore, causing a n- and
p-type SB with a ratio of 86 %/14 %. Consequently, a high portion of negative charges at
the interface is evident because of electron capturing (cf. Figure enabled by acceptor-
like states. The fact of strong Fermi level pinning close to the valence band and
the low ¢g in Ge promotes its use in p-type transistors. As all metals tend to pin
close to the valence band, various solutions were proposed, mainly focusing on introducing
interlayers between the metal and Ge surface.

For specific SBFET applications, i.e., RFETs, similar and ideally equal ¢p, and ¢pp
are desired to ensure similar charge carrier injection mechanisms for electrons and holes,
respectively.

L d Considering basic theory, the metal work function and semiconductor affinity

l define the SBH. However, interface states lead to a shift of the CNL.
Moreover, the electrostatic landscape highly influences the shape and height
of the SB. Importantly, in the Al-Si material system, the Fermi level
pins mid-gap to the band gap of Si, whereas in the Al-Ge material
system, the Fermi level pins close to the valence band of Ge.
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2.3 Charge Carrier Transport in SBFETs

This section discusses the charge carrier transport based on the previously introduced SB
properties but considers its implementation in SBFETs.

First, Section [2.3.1|elaborates on the electrostatic gating mechanism and the charge carrier
transport in SBFETS. Next, Section [2.3:2] discusses the meaning and modeling of the effec-
tive SBH from a bulk (3D) and 1D-confined perspective. Finally, the transferred electron
effect, allowing the realization of devices with NDR in Ge, is discussed in Section [2.3.3]

2.3.1 Schottky Barrier Field-Effect Transistors

As already mentioned, SBFETs are promising building blocks in the "Beyond CMOS” era,
attributed to the unique charge carrier transport mechanisms inherently accessible by the
nature of MSJs. The first SBFETSs were proposed back in 1968 by Lefselter and Sze,
using n-doped Si and PtSi as source/drain contacts. Later, in the 1980s, SBFETs claimed
to eliminate CMOS latch-up beside already proven advancements in high-speed switch-
ing. However, due to the exhibition of high resistance source/drain contacts
caused by Schottky junctions and worse performance metrics in comparison to MOS-
FETs, no substantial progress towards industrial applications was driven. Simulation
methodologies and advanced nanoscale processing techniques set the focus back on SBFET
exploration, also considering carbon nanotubes (CNTs) embedded in SBFETS, [198]
which are handled as a promising channel material by the International Roadmap for De-
vices and Systems (IRDS). [1] Lately, also SBFETSs realized with 2D channel materials, as

e.g., MoSy or WSey, were proposed. [199,200]

Electrostatic gating of SBFETs

In the first step, the electrostatic gating capability of SBFETS, as illustrated in Figure[2.11]
is discussed, further allowing the elaboration of the involved charge carrier transport mech-
anisms. As shown in Figure[2.11{(a) a SBFET can be classified as two back-to-back Schot-
tky diodes, whereas one diode is operated in forward and the other in reverse di-
rection. In this respect, the metal constitutes the anode (+), and the semiconductor the
cathode (-). If the MSJs exhibit an ohmic characteristic, the channel resistance is the main
factor contributing to the total resistance. Moreover, two identical SBs with the same elec-
tronic properties are desired, which is supported by the heterostructure formation process
used in the work at hand (cf. Section . Generally, for visualization of the electrostatic
landscape of SBFETs, band diagrams are used as depicted in Figure b—d). In the
used illustrations a top gate (TG) covering the MSJs and the semiconductor channel is
considered. Note that simplified band diagrams are shown for better understanding (cf.
Section . Additionally, mid-gap Fermi level pinning is considered here. First, apply-
ing a positive bias, i.e., Vp > 0V, leads to a downwards shift of the drain potential [cf.
Figure (c)], resulting in a change in the slope of the conduction and valence band.
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Attributed to the exhibition of a wide SB, no efficient charge carrier injection occurs, and
charge carriers can merely be injected by overcoming the barrier if their energy £ > ¢py,
(cf. Figureand Figure. Next, applying a positive gate voltage, i.e., Vpog > 0V
[cf. Figure 2.11[d)], the conduction and valence bands (Ec and Evy) are being bent
downwards, allowing sufficient injection of charge carriers (here: electrons), whereas the
injection of holes is blocked caused by an extension of the SB width and height. Therefore,
the SBFET is operated as a n-type transistor. Concerning the electrostatically induced
band bending and charge carrier injection mechanism, simulations were conducted, sup-

porting the stated facts. [202,/203]

(c)
qv,_e
ov
qVp
ht pos.
pos.
. dVo
Xh* pos.

Figure 2.11: (a) False color SEM image of a top gated SBFET. The inset illustrates the involved
Schottky diodes and the channel resistance, which is indicated by a resistor. (b) Simplified illus-
tration in case of 0V bias. (¢) Applying a positive bias at the drain electrode (Vp > 0V ) leads to
a shift of the drain potential. (d) Additionally, applying a bias to the TG electrode (Vrg > 0V)
allows to bend the conduction and valence band, enabling the injection of charge carriers (here:
electrons).

Considering a metal TG, the metal work function ¢y, needs to be set into relation to the
semiconductor work function ¢g, as it highly determines the threshold voltages Vt?l/ P
In this context, the mismatch of the metal and semiconductor work functions causes an
energy difference, consequently affecting the threshold voltage. Thus, in the ideal case,
¢m = ¢s holds. Table shows the work functions of various metals as well as the
semiconductor work functions of un-doped (intrinsic) Si and Ge.
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i-Si | i-Ge Al Ti Au Cu Ni
X, (eV) | 4.05 | 4.00 _ - - } _
burm (6V) | 461 | 433 || 4.16 £0.11 | 4.33 | 4.50 £0.24 | 4.82 £0.29 | 5.20 £0.16

Table 2.5: Electron affinity X of un-doped (intrinsic) Si and Ge, and its thereof obtained work
function ¢s = Xy — Eq/2. The work function ¢, of potential gate metals is also listed. Values are

taken from .

HH

Ni

Figure 2.12: Visual representation of the work function of intrinsic Si and Ge, and potential gate
metals, listed in Table[2.5. The red and blue dotted lines show where ¢s of Si and Ge fits ¢m of
the selected metals. The left and right insets depict the relevant energies for a semiconductor and
metal, respectively.

Notably, for intrinsic Si, the work function ¢y, of Au fits well, whereas for Ge, the work
function of Ti exhibits a matching work function with 4.33eV. Nevertheless, it must be
considered that due to fabrication constraints, Ni as gate material was used in previ-
ous works to remain on the same material system in the case of Ni-silicide source/drain
contacts. In terms of gating, also a highly degenerated substrate can be used for
electrostatic gating, which is then denoted as "back gate” (BG). A BG architecture also
allows the electrostatic tuning of both MSJs and the semiconductor channel; however,
using a BG exhibits certain drawbacks discussed in Section [3.1]

Charge carrier injection and transport

Having the general SBFET gating capabilities discussed allows to analyze the involved
charge carrier injection and transport, which is fundamentally different from MOSFETs.
Therefore, Figure [2.13] illustrates the involved charge carrier injection mechanisms asso-
ciated with SB-based devices and with SBs in general. In the following the scenario of
electron injection and transport is considered, which also applies to holes.
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-— 0 v
(2)

Figure 2.13: SB-associated charge carrier injection contributions, excluding barrier lowering
effects.  Thermionic emission (TE), thermal-assisted field emission (TFE), and field emission
(FE) may occur in conjunction. (1) Illustration of a recombination process in the depletion region.
(2) Diffusion of an electron in the conduction band Ec and of a hole in the valence band Evy .

In general, three charge carrier injection contributions can be classified. (I) Thermionic
emission (TE) describes charge carrier injection over the SB. Consequently, charge car-
riers with potential energies higher than the SBH ¢p are required. Moreover, TE is a
strongly T-dependent injection mechanism. (II) Field emission (FE) describes a current
contribution from direct tunneling, where charge carriers originate from the Fermi level of
the metal tunneling through the SB into the semiconductor’s conduction or valence band.
(III) Thermal-assisted field emission (TFE) constitutes charge carrier injection originat-
ing from charge carriers, which have a certain potential energy > Er and tunnel through
the remaining SB. Therefore, TFE is related to Fowler-Nordheim tunneling, which
considers tunneling through a thin oxide layer as, e.g., evident in MOSFETs. Next,
TE and FE charge carrier injection mechanisms are elaborated in more detail.

The current contribution by TE is defined according to Equation , which in par-
ticular holds for bulk (3D) material systems, which derivation can be deduced from the
classical Boltzmann transport equations as demonstrated by Baccarani.

— AT exp [ 19B ﬂ>_ }
Jrg = AT exp( k:BT> [exp(kBT 11, (2.11)

where Jrg is the current density in A/m~2, A* is the (3D) effective Richardson constant in
Acm™2K™2, T is the absolute temperature, ¢ is the elementary charge, ¢p is the SBH, V
is the applied bias and kp is the Boltzmann constant. In general, Jg consists of the sum
of the TE-induced current flow from the metal to the semiconductor and vice-versa.
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Chapter 2: Background

Further, Equation (2.12) shows the involved parameters of the effective Richardson con-

stant A*. -
_ drgm™ kg

3
where h is Planck’s constant. Note that the effective mass m* plays an important role
in Equation and directly impacts the TE current contribution, which also needs
to be considered in explaining FE. Importantly, in Equation , quantum reflections,
optical-phonon scattering, and barrier lowering effects (cf. Figure are neglected and
therefore merely give an approximation of Jrg. The most important aspect of describ-
ing TE is its high-temperature dependence, which contributes quadratically according to
Equation . Moreover, experimentally evaluating Jrg [cf. Equation ] allows
the extraction of a parameter that corresponds to the SBH and is discussed in detail in
Section [2.3.2] Additionally, in dependence of charge carrier confinement — 3D, 2D, or
1D — TE equations and associated solutions of Poisson’s equations may vary because of
considerations of accessible bands.

A* (2.12)

Next, FE is discussed, which describes charge carrier injection by direct tunneling. FE
is dominated by the transmission coefficient T'(E) shown in Equation and derived
under the consideration of the Wentzel-Kramers-Brillouin (WKB) approximation without
considering quantum reflections and taking a triangle-shaped potential [V (x) = q¢p —¢Ex]
for simplicity into account. Moreover, only a slowly-varying potential is considered as
a boundary condition.

T(E) = exp |~ L (qom — B2 (213)
where F is the energy of the charge carrier, & is the reduced Planck’s constant and m?
is the tunneling effective mass. Observing the transmission coefficient T'(E) allows to
deduce that from a materials perspective, the tunneling effective mass m7 and the SBH
¢p are determining the transmission coefficient. Setting T'(F) in relation to TE allows to
set T(E) = 1 for charge carriers overcoming the barrier. Further, the potential energy
of charge carriers holds Erp >> FEpg (cf. Figure . Therefore, a change of the
effective mass is expected, leading to a tunneling effective mass mf, , which
also becomes evident in the SBFET characteristics investigated in Section Further,
Baldauf et al. showed that mechanical stress can be implemented to tune the tunneling
probability. Finally, the FE tunneling current density Jrg can be expressed according

to Equation (2.14]). [178]

drm?i
3

— /0 Y AE[Fu(E) — F.(E)] /O Y rpyae,, (2.14)

where F},(F) and Fy(E) are the Fermi-Dirac distributions in the metal and semiconductor,
respectively. Remarkably, in comparison to TE [cf. Equation (2.11)], FE does not depend
on the absolute temperature 7.
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In terms of TFE, charge carriers exhibit energies, which hold EFr < Erpr < ¢p and
consequently can tunnel through the remaining thinned SB. Further, TFE is explicitly
evident at relatively high temperatures and electric fields, as charge carriers are thermally
excited, and high electric fields lead to a thinning of the SB. Attributed to the TFE
injection mechanism, the process relates to Fowler-Nordheim tunneling. Considering
low absolute temperatures, the charge carrier injection mechanism is dominated by FE;,
as charge carriers do not have sufficient potential energy, i.e., are not thermally excited.

Considerably, only the total current, constituting TE, FE, and TFE, can be analyzed
by experimental means. Therefore, a dedicated classification of TE, FE, and TFE can
be merely didactically interpreted, whereas technology computer-aided design (TCAD)
simulations allow the modeling and analysis of each contribution separately. ,
Consequently, no exact values for the n- and p-type SBHs can be evaluated as merely one
charge carrier injection mechanism (TE or FE) would need to be isolated. Consequently,
the experimentally extracted SBH is denoted as "effective” SBH (eSBH), depicting a metric
of the energy required to inject charge carriers independently of the injection mechanism.
Therefore, this energy is also denoted as activation energy E,, as discussed in Section [2.3.2]
Notably, the applied drain/source and gate bias, as well as absolute temperature, must
be considered, as they highly influence the degree of TE, FE, and TFE charge carrier
injection in SBFETs.

State-of-the-art NiSi;-Si based SBFET

Finally, Figure [2.14] shows results of a state-of-the-art NiSip-Si based SBFET, proposed
by Weber and Schwarz et al. Figure M(a) illustrates a transfer characteristic (I
vs. Vy), which ambipolarity can be attributed to the exhibition of similar n- and p-type
SBs evident for NiSiy-Si MSJs. Interestingly, a shift of the transfer characteristics to more
negative V, values is observable for decreasing Vg, which is caused by the fact that the
source voltage V; is kept at a fixed potential, leading to a change of the injection capa-
bilities in dependence of Vg (cf. Figure . In general, the transfer characteristic shift
can be reduced by symmetric biasing of SBFETs or even eliminated by applying simul-
taneously positive (n-type operation) or negative (p-type operation) biases, i.e., Vg and
Ve. Moreover, Figure b) shows simulations, which are used to analyze the different
injection contributions, whereas also a change of the subthreshold slope becomes evident.
Thus, a change of the effective mass m™* is assumed, which can be attributed to Equa-
tion ([2.13)). Finally, Figure [2.14|c,d) show the underlying band diagrams for electron and
hole injection, respectively.
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Figure 2.14: State-of-the-art NiSix-Si NW-based SBFET as proposed by Weber and Schwarz
et al. [50] (a) Transfer characteristics (Iq vs. Vy) of the SBFET at different bias voltages Vq.
(b) Transport simulations reveal the onset of TE in dependence on the gate voltage Vy. (c,d)
Band diagrams illustrating n- and p-type operation of the SBFET. Additionally, the distinct charge
carrier injection mechanisms are indicated.

[ SBFETs assemble from two MSJs, featuring two back-to-back Schottky

l diodes. Using a gate electrode allows to electrostatically bend the
conduction and valence band down- or upwards, favoring the injec-
tion of electrons or holes. Charge carrier injection from the metal into
the semiconductor can be classified by TE, FE, and TFE, whereas TE
and TFE are highly determined by the absolute temperature and
FE is a temperature independent process.
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2.3.2 Modeling of an Activation Energy

For many nanoelectronic applications, the “effective SBH” for the injection of electrons
and holes is essential as it physically describes the required minimum energy to inject a
significant contribution of charge carriers into the semiconductor. Notably, the "effective
SBH” dominantly depends on the Fermi level pinning (cf. Section , the applied bias
(source/drain and gate voltage), and the absolute temperature T'. Concerning the applied
bias, the electrostatic landscape changes, whereas bending of the conduction and valence
bands can lead to a thinned SB, increasing field emission (FE). Further, the absolute
temperature determines the degree of thermal excitation of charge carriers overcoming
the natural SB. Thus, increased temperatures lead to a higher thermionic emission (TE)
contribution. Equation , describing the TE current, is commonly used to derive
the effective SBH” as it allows to isolate and extract ¢p. [RB1] However, experimentally
measuring the current Ip through the SBFET does not allow to distinguish between
the distinct injection contributions, i.e., TE and FE. Nevertheless, using Equation
promotes the extraction of an activation energy FE,, which considers the total energy
required to inject charge carriers into the semiconductor channel, also considering FE.
Thus, the term “activation energy F,” is used from now on.

E, qVDS) ]
= A*T? e —— -1 2.1
Jp exp < T ) [exp ( T , (2.15)

where Jp = Ip/A with A being the NW cross-section area, is the measured current density
through the SBFET, E, is the previously defined activation energy and Vpg is the applied
source/drain bias. In terms of applying Equation , certain considerations need to
be taken into account. First, the stated equation is only valid for injecting charge carriers
from a 3D metal into a (3D) bulk semiconductor, assuming a 3D band structure of the
underlying semiconductor. Moreover, it merely depicts an approximation of Jrg because
image force lowering and quantum reflection effects are neglected (cf. Section .
Further, only the bias voltage Vpg is considered, whereas, in SBFETS, the gate voltage
highly influences the charge carrier injection and transport. In this context, gating also
affects the charge carrier concentration in the semiconductor, tuning the Fermi level, the
SBH, and, in consequence, the resistivity of the channel. Using the 3D TE approach,
different material systems were investigated in the past, even demonstrating negative
activation energies in metal-Si junctions. Moreover, Nishimura et al. also include
results obtained by this so-called 3D TE” based methodology in their work exploring
Fermi level pinning.
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Landauer-Biittiker theory

Attributed to the use of NWs in this thesis’s scope, other F, extraction methodologies
shall be investigated, considering the 1D nature of NWs. As discussed in Section [2.1.3] the
exciton Bohr radius af; determines if a system exhibits a 1D DOS. In this respect,
the investigated Ge NWs have diameters dxw, which are in the order of af; (Ge: 24.3nm),
and therefore require an adapted methodology for the extraction of E,. Although a
1D variant of Equation exists, which, however, does not consider the gate
voltage explicitly, another methodology was exploited in cooperation with Dr. Anibal
Pacheco-Sanchez at Universitat Autonoma de Barcelona. In this respect, the 1D Landauer-
Biittiker (LB) theory proved to be a sophisticated model for the extraction of an activation
energy F,, which was already applied on SB-based CNT transistors and other NW
FETs. , Generally, the 1D LB model considers quasi-ballistic conduction restricted
to the first sub-bands. However, NWs with channel lengths longer than the mean free
path are used (cf. Section ; the 1D LB model considers 1D confinement and thus
may promise a more accurate extraction of an activation energy. Considering Boltzmann
statistics, the drain current Ip originating from TE in SBFETs can be defined according
to Equation (2.16]). [213,217]

4q% 1 n E, nq
In ~ 4 — ZE (Ve — Vep) — =2 4+ 2y
D th{eXp{Vt(G FB) Vt+VtD

} , (2.16)

where Vi = kgT'/q is the thermal voltage, ny and nq are gate and drain slope coefficients,
respectively, Vgp is the flat-band voltage and E, is an effective energy potential barrier
over which pure TE is expected corresponding to the activation energy described above. In
this context, the coefficients ngy and nq are derived from an analytical model of Poisson’s
equation (Aq)(r) = —@ . Further, depicting a relation to the electrostatic potential,
which can be described by an equivalent circuit consisting of coupling capacitances between
the contacts and the NW channel. In this respect, quantum capacitance must also be
considered due to the 1D confined system. The electrostatic potential at a dedicated
current control point .. at the channel is defined, which considers Vg, Vp and Vg in
combination to the slope coefficients. Material and technology parameters are also taken
into account, such as the work function difference between the gate and channel, as well
as fixed charges in the gate oxide and the device architecture. Equations show
the thereof obtained derivation of the coupling coefficients ng and nq. Note that the slope
coefficient ng is derived in the same manner but is considered in this work within nq, as

Vps is used.
dtbee dtbee

= = 2.17
(1\7(;7 fid dVD ( )

Note that ng and nq are approaching a value of ”1” in case of excellent gating capabilities,
i.e., evident for GAA architectures. Consequently, allowing to state 9. = ngVg. In
general, both Vg and Vp dependencies are considered explicitly in Ip by the LB model
in contrast to the classical (3D) TE model, which neglects V in the derivation of E,.

Ng
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Moreover, the 1D LB model considers the absolute temperature linearly, whereas the
temperature contributes quadratically in the classical 3D TE model [cf. Equation (2.15])

vs. Equation ([2.16)]. [213]

The experimental procedure to obtain F, is explained thoroughly in Section [3.2:3] Note
that the 1D LB model was only applied to Al-Ge based NW SBFETSs because dyw of the
Ge NWs is in the order of afy in Ge. Therefore, the discussion and extraction methodology
of F, regarding the 1D LB model is discussed only for Al-Ge NW-based SBFETs in
Section

4 Using TE models allows to experimentally extract an activation energy

l E,, corresponding to an "effective SBH”. Here, E, is defined as the min-
imum required energy to inject a high contribution of charge car-
riers into the semiconductor. If dyw is approaching aj the 1D LB
model is used, considering 1D confined MSJs.
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2.3.3 Transferred Electron Effect in Ge

As already mentioned in Section Ge exhibits a multi-valley conduction band land-
scape, allowing to initiate a transfer of electrons from the L- (k = (111)) to the X-valley
(k = (100)), which is achieved by applying a sufficiently high electric field. This further
results in negative differential resistance (NDR) in Ge-based devices, which can be used
in SBFETS to realize logic circuits.

The so-called transferred electron effect or Gunn effect was first observed by J.B. Gunn
in 1963 on GaAs and InP structures emitting microwave oscillations by applying a suffi-
ciently high DC electric field. In consequence, such devices were used in oscillator
and power amplifier applications in the 1 GHz to 150 GHz range. Importantly, the
transferred electron effect can be initiated in any multi-valley band structure. However,
electron transfer from a high-mobility valley to a low-mobility valley is required to observe
NDR. In this respect, NDR was demonstrated on highly strained Si NWs, n-type
InSb structures and diamond devices . In the last few years, devices with
NDR have been considered for multi-valued logic (MVL), [224-226] which promises for
arithmetic operation schemes with radices or bases higher than two, enhancing "Beyond
CMOS” paradigms. In this respect, operating two NDR, devices in series allows the
realization of staircases with holding states. Despite being a simple circuit, innovative
logic elements, such as monostable-bistable logic elements (MOBILE), are proposed, which
allow the implementation of reconfigurable NAND and NOR gates combined in a single
logic cell. , Moreover, stacking more than two devices with NDR demonstrated an
efficient signed-digit MVL adder with improved circuit propagation delay and smaller area
compared to its CMOS-based implementation. However, most NDR devices are real-
ized on group III-V resonant tunneling diodes (RTDs), coming with difficulties in CMOS
integration. Nevertheless, CMOS backend compatible solutions were demonstrated
on metal/Nb-oxide/metal structures but showed high device-to-device variability concern-
ing a current controlled NDR.

In Ge, the observation of NDR can be described by analyzing the band structure illus-
trated in Figure a). Here, the conduction band edge F¢ (L-valley) is only 0.19eV
below the minimum of the second conduction band (X-valley). Thus, fulfilling important
requirements for the exhibition of the transferred electron effect:

o The energy difference AFE needs to hold AE > kgT, ensuring that most electrons are
in the L-valley (conduction band minimum). With AE = 0.19¢eV this condition is
conveniently fulfilled up to an absolute temperature of 400 K (kg -400 K = 0.034¢eV).

o The energy difference AE needs to hold AE < E,, preventing avalanche breakdown
before the transferred electron effect takes place. This requirement is also conve-
niently fulfilled up to temperatures of 400 K with 0.19eV < 0.62 eV[E,(Ge)aook; cf.

Equation (2.20)].

o Electrons in the L-valley have a lower effective mass m; and higher mobility ui,
compared to the X-valley, with a higher effective mass m% and lower mobility px.
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Figure 2.15: (a) Band structure of Ge and associated valleys responsible for the transferred
electron effect. Applying a sufficiently high electric field E.iy allows the transfer of electrons from
the high-mobility L- to the low-mobility X-valley. (b) T-dependent charge carrier population ratios
of the X- and I'l-valley in relation to the L-valley. Increasing the temperature leads to a higher
population of electrons in both valleys.

Consequently, applying a sufficiently high electric field & initiates the transferred elec-
tron effect. In this respect, the band structure curvature is of relevance because it di-
rectly determines the effective mass m* and charge carrier mobility u [cf. Equation (2.1)].
Explaining the exhibition of NDR requires to set these parameters in relation to the cur-
rent I, which is derived in the following. Equation and Equation give the
definitions for the charge carrier velocity and further result in an expression of I.
The starting point can be obtained by Newton’s 2°¢ law:

F
where « is the acceleration between collisions and F' = —¢€& is the electric force exerted by

an electric field. Further, the velocity v can be expressed by considering the mean collision
time 7., defined as the time between collisions:

T € T (2.19)

V= aTe =
m*

Finally, I can be set in relation to the effective mass m* and the mobility . Consequently,
the transferred electron effect in Ge can be described as follows: Hot electrons are accel-
erated by a sufficiently high electric field &4t and get scattered from the energetically
favorable conduction band L-valley (indirect band gap), characterized by a low effective
mass to the heavy effective mass X-valley. Although the I'l-valley (k = (000); direct
band gap) is energetically closer to the L-valley, the coupling constant between the L-
and X-valley is 4.05 x 10® eV /cm, whereas a lower value of 2 x 10%eV /em is evident for
scattering from the L- to the I'l-valley.
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Thus, a more efficient electron transfer from the L- to the X-valley is expected. The
respective effective mass in the relevant regions are mj, = 0.082mg and m% = 0.288my.
In general, the manifestation of the transferred electron effect is increasing correspondingly
to a low occupation of the second conduction band (X-valley). In this context, low absolute
temperatures and un-doped semiconductors (here: Ge) lead to a more pronounced NDR
effect. Distinct NDR is further promoted by analyzing the charge carrier population in
the X- and I'l-valley in relation to the L-valley. Therefore, the temperature dependency of
the indirect band gap energy E, (L-valley) and the direct band gap energy Er; (I'l-valley)
are considered [cf. Equations ([2.20}2.21]. [107,232] Using Boltzmann statistics in the form
of e B/(ksT) with E, (L-valley) being the reference energy, allows determining the charge
carrier population in the corresponding valleys as shown in Figure b).

Ey =0.742 — 4.8 - 107*T% /(T + 235)(eV), (2.20)

Epy = 0.89 — 5.82 - 107472 /(T + 296)(eV), (2.21)

where the absolute temperature 7" is in K. It can be deduced that increasing the absolute
temperature means both valleys, the X- and I'l-valley, are getting thermally populated.
Therefore, a superposition of thermally excited charge carriers and electrons transferred
by the Gunn effect is expected, leading to a less pronounced NDR effect. Additionally, an
efficiency degradation of the transferred electron effect occurs due to an initially higher
population in the X-valley. In general, it must be considered that changes in the Ge band
structure induced, e.g., by mechanical stress or low-dimensional confinement effects, might
lead to different physical properties that potentially inhibit NDR.

NDR figures of merit

The observation of NDR in the I/V characteristic is achieved by operating the device

(here: SBFET) in n-type operation mode, as the multi-valley nature is only evident in

the conduction band, i.e., for electrons. Therefore, increasing the applied bias voltage

and measuring the current results in a negative slope of the current I as illustrated in

Figure (a). Hence, leading to NDR, in which resistance is defined according to:
dVv

Tdiff = m (2.22)

Regarding the characterization of various performance metrics, figures of merit (FOM)
of NDR devices can be extracted from their I/V characteristics. In this respect, Bockle
et al. investigated NDR in Al-Ge-Al NW heterostructures in dependence of the NW
diameter and channel length. They showed that the critical electric field &4 =
10kV/em to 70kV /cm. Notably, Eqrit vs. NW diameter and length follows an exponential
trend.

46



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

(a) (b) 4
I Plateau
Peak
g VPeak % §
::) rag <0 Q\ & é
IVaHey 1t NDR
Valley o =
' Voltage V - Voltage V -

Figure 2.16: (a) Typical NDR I/V characteristic with the indicated figures of merit (FOM). For
better understanding, the green curve shows an extended Vplateau- (b) Example of the exhibition of
a “double” NDR required for distinct MVL applications.

In this context, short channel lengths (~100nm) require a higher & and devices with
long channel lengths (~2pm) already exhibit NDR at lower &.i;. The channel length
dependency on Euit can be attributed to a reduced acceleration path in short devices,
resulting in less energetic electrons. Further, it was shown that devices with channel
lengths < 150 nm do not exhibit NDR anymore. Regarding group III-V semiconductors,
Eerit, values of 3.2kV /cm and 10.5kV/cm were evaluated for GaAs and InP, respectively.
7

One of the most important metrics is the peak-to-valley (current) ratio (PVR), which is
defined according to Equation . The PVR is a dimensionless quantity that needs to
be greater than ”1” for observing NDR. A high and transiently stable PVR is generally
desired for NDR device applications.

I
PVR = ok (2.23)
IValley

Concerning already investigated Al-Ge based SBFETs, a RT PVR of ~40 was extracted,
which decreases with increasing temperatures to a value of ~5 at T' = 350 K. Further,
it was demonstrated that by tuning the gate voltage and operating the device in stronger
electron conduction mode, the PVR could be enhanced, due to a more efficient transport
of electrons. Moreover, a higher gate voltage causes a thinning of the SB and, therefore,
an increased tunneling injection contribution (cf. Section . Another important pre-
requisite for applications that use NDR, i.e., MVL, is the exhibition of a "double” NDR
as illustrated in Figure (b) In this respect, two dedicated and separated NDR re-
gions are required, often realized by a combination of MOSFETs and NDR. devices, e.g.,
RTDs. Lately, the exhibition of such multi-NDR I/V characteristics was demon-
strated on staircase-stacked 2D materials, i.e., WSes/h-BN. Moreover, a distinct
degree of tunability of the NDR region is required for the operation of logic circuits, e.g.,
necessary in reconfigurable NAND and NOR gates.
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Chapter 2: Background

In Ge-based devices, NDR is accessed by the transferred electron
effect, which is inherently enabled the multi-valley conduction bands of Ge.
Therefore, a sufficiently high electric field &t needs to be applied, allowing
to scatter electrons from the L- to the X-valley. Thus, NDR becomes
evident due to a change of the charge carrier mobility. A high and
temperature stable PVR, as well as a tunable NDR region, is de-
sired for device realization and its implementation in circuits.
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2.4 Nanoelectronic Devices

In the past, essential device concepts were realized based on SBFETS, which focus on
diversifying computing paradigms in the scope of "Beyond CMOS” (cf. Chapter . As
introduced in the previous sections, Al-group IV based SBFETs have enormous potential in
facilitating charge carrier injection and transport properties for the realization of emerging
device concepts. In particular, enabling fine-grain reconfigurability on the transistor level,
inherently accessible by the ambipolar nature of the proposed SBFETs attributed to the
exhibition of distinct n- and p-type SBs and associated electron or hole transport.

In this respect, the following discusses state-of-the-art device concepts based on Al-group
IV SBFETs considered in this thesis. First, Section[2.4.1]discusses RFETs and presents two
different gating concepts using a multi-gate architecture. Thus enabling to switch between
n- and p-type operation during run-time, combined in a single device. Next, Section [2.4.2
shows Ge-based NDR device realizations in terms of facilitating the transferred electron
effect inherently provided by the multi-valley conduction band of Ge.

2.4.1 Reconfigurable Field-Effect Transistors

The following section discusses the manifold aspects that must be considered in realizing
RFETs. Therefore, in the first step, the requirements for RFETs are elaborated.

In general, a RFET is a type of transistor which fulfills the following requirements, which
in particular considers its use in circuits:

o Fast and reversible operation as n- or p-type FET in the same device, which is
enhanced using an intrinsic or low-doped semiconductor channel.

o Equal n/p-type 1/V characteristics, in particular having equal threshold voltages
|Vin|"/P, subthreshold slopes S™P and on-currents Ié‘r{p.

o Sufficient drivability strength is particularly required in circuit applications.
e Single supply voltage with low power consumption.

o Scalability, which is an important prerequisite for the use of RFETs in circuits and
large-scale integration.

In this respect, SBFETs provide a promising platform, whereas RFETs depict a further
diversification of SBFETS, utilizing additional gates for tuning the energy landscape (cf.
Section [2.3.1)). Thus, allowing to merge n- and p-type transistor functionality in a single
device by facilitating the ambipolar nature of SBFETSs. In this context and in relation to
the stated requirements, SBFETs provide fast switching speeds inherently enabled by the
"majority carrier” characteristic of SBs. Further, due to the exhibition of distinct n- and
p-type SBs and appropriate tuning of the conduction and valence bands, the injection of
electrons or holes can be favored (cf. Section , blocking the opposed charge carrier

type.
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In terms of equal n- and p-type I/V characteristics, the Fermi level pinning plays a cru-
cial role as it is the dominant metric, defining the charge carrier injection capabilities
(cf. Section . In this respect, equal ¢, and ¢pp, respectively corresponding Fj,
values for n- and p-type operation are required. However, due to the exhibition of distinct
SBs, ohmic source/drain contacts are generally difficult to realize and, therefore, limit
the current. However, as RFETs unfold their full potential in reconfigurable logic gates,
high on-currents L]%p, a low Ig, steep subthreshold slopes S™P as well as equal thresh-
old voltages |Vi,|"/P are desired. In the case of a NW-based RFET, such functionality is
achieved, e.g., by placing two top gates (TGs) atop the two MSJs and tuning the charge
carrier injection capability. Thus, determining the injection of electrons (positive poten-
tial) or holes (negative potential) and consequently defining the REET’s operation as a n-
or p-type transistor. Therefore, such gates are denoted as "program gates” (PGs). Fur-
ther, in relation to conventional MOSFETs, a gate covering the remaining semiconductor
channel allows the electrostatic tuning of the charge carrier transport through the RFET,
which is therefore denoted as the "control gate” (CG). As shown later, also other RFET
gating concepts were utilized in the past relying on different injection and charge carrier
concentration control mechanisms.

State-of-the-art RFETs

In the past, various RFET implementations were realized using intrinsic or lightly doped
Si and Ge NWs fabricated from bottom-up and top-down
approaches as well as CNTs and graphene . Additionally, p™-i-n™ Si NWs were
successfully implemented for RFET operation. Further, also promising reconfigurable
transistors on base of 2D materials, i.e., MoTey, black phosphorus or ReSy/WSes, con-
nected by various metals were demonstrated. In terms of the used source/drain
metal contacts, Ni plays an important role and is broadly used for the realization of
SBFETs as discussed in Section [2.I] In this respect, most of the cited Si- and Ge-based
RFETs also use Ni-silicides and -germanides, respectively, whereas the referenced CNT-
and graphene-solution facilitate Ti as source/drain electrodes. A discussion about the
selection of the gate metal is given in Section [2.3.1], whereas, e.g., for Si-based devices
Ti/Al, poly-Si, or Ni/Al is used. Thus, showing that non-matching work
functions are also used due to fabrication concerns. The Ge-based devices use Ti/Al
and Ti/Au [236], where Ti is defining the work function, which matches with Ge (cf. Sec-
tion . In terms of achieving symmetric on-currents, the main objective is to have
equal effective SBHS/E;?/ P Therefore, based on intruded source/drain NiSip contacts
in bottom-up grown intrinsic Si NWs, oxide-induced compressive stress to the Schottky
junctions resulted in a mean symmetric factor Ié‘l{p of 0.98 for an identical drain and gate
bias. Importantly, the same mechanism was applied to top-down fabricated Si
NWs with an on-current symmetry factor of 1.6.
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As discussed in Section [2.:2.1] Ge exhibits Fermi level pinning close to the valence band
for most metals, including Ni-germanides and Al, , 235] and therefore shows a high
asymmetry towards an enhanced p-type characteristic.

In the following, two state-of-the-art RFETs are presented, illustrating the underlying
mechanism that enables reconfigurability between n- and p-type operation. In the review
paper, "Reconfigurable Nanowire Electronics - A Review”, Weber et al. published a com-
prehensive study of NW-based RFETs. In this respect, an intrinsic NiSip-Si ((110)
axial crystal orientation) NW-based RFET as shown in Figure a) with the CG being
atop the source-sided MSJ and the PG being at the drain-sided MSJ, is discussed. Fig-
ure b,c) shows the underlying band bending mechanism, where a negative Vp as well
as negative Vpg at the drain-sided MSJ leads to hole transmission (p-type operation) and
vice-versa with positive bias to electron transmission (n-type operation). Thus, exhibiting
the corresponding transfer characteristic (Ip vs. Viog) for Vpg = £3V and Vp = £1V.
In this realization, the same absolute values for Vpg and Vg were used, which is an im-
portant aspect to consider for further circuit implementations. Moreover, the advantage
of low static power consumption is evident, as the off-current I gf{»p is in the fA-regime.
Nevertheless, an asymmetry between the n- and p-type on-current I(%p of a factor ~10 is
evident. In respect to the effective SBH (here: activation energy E,), values of 650 meV
and 470 meV were extracted for electrons and holes, respectively. As mentioned, later
works on the basis of the NiSis-Si material system implemented radially compressive stress
to Si, achieving a symmetry close to 717 As evident in the false-color SEM image
[cf. Figure[2.17|(a)], a large portion of the channel length is not covered by the metal TGs,
leading to potential influences of adsorbates. Thus influencing the charge carrier transport
mechanism, which can also be facilitated, e.g., in sensor applications. In the ref-
erenced work by Weber et al. , they however claim that prior to TG fabrication Ip vs.
VB characteristics were measured, which exhibited the same Iélr{p. In this respect, simu-
lations revealed that the highest charge carrier concentration is in the center of the NW
in the case of transistor operation in the on-state. Using this technology, Heinzig
et al. demonstrated the first reconfigurable inverter with a single supply voltage.
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Figure 2.17: (a) False-color SEM image of a NiSiy-Si based RFET with two TGs covering the
MSJs for setting the charge carrier type (PG) and tuning the charge carrier concentration in the
channel (CG). Here, (110) intrinsic Si NWs with a SiOs gate oxide shell were used. (b,c) Band
diagrams of the proposed RFET illustrating the functional mechanism of charge carrier filtering.
(d) Typical transfer characteristic (In vs. Vog) demonstrating n- and p-type operation in respect

to Vpc. Images from @/

Concerning the gating mechanism, Figure [2.17] used selective charge carrier injection and
concentration control at the contacts, which is the most common RFET gating methodol-
ogy. However, another RFET solution by Schwalke et al. uses the concept of polarity
selection at the contacts and control of the charge carrier concentration within the chan-
nel, as illustrated in Figure Moreover, they used SOI as a starting material,
which is patterned to fabricate top-down, rectangular-shaped NWs. After the fabrication
of the NWs, they were oxidized to form a 8 nm thick SiOy gate dielectric. Attributed to
the use of Ni as source/drain metal and TG material [here: front gate (FG)], they also
used a silicidation process to obtain NiSi-Si MSJs [cf. Figure 2.18|a)]. As it is evident
in the transfer characteristic in Figure b), a dedicated n- and p-type characteristic
can be obtained, which has an I2 /IP symmetry factor of ~2, whereas the asymmetry is
attributed to a difference of the electron and hole mobility p,,/,. In this RFET realization,
the low p-doped BG acts as PG, determining the injection of the charge carrier type. Us-
ing a relatively thick BG oxide (145 nm) requires a relatively high BG voltage up to 20 V.
Figure c,d) show the underlying band diagrams, leading to RFET operation. It can
be deduced that the FG acts as the CG, which introduces an additional potential barrier
for controlling the charge carrier flow within the channel.
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Moreover, they measured the BG characteristic with floating FG and evaluated an off-
current Iog = 10pA. In terms of circuits, the authors used the obtained RFETs and
implemented them in a CMOS-based inverter, demonstrating their use in Boolean logic
gates. However, different supply voltages were necessary to compensate for asymmetry.
Additionally, using the proposed device concept, non-volatile memory function was demon-
strated by charge carrier trapping in the BG oxide, which is achieved by a combination of
Fowler-Nordheim tunneling and impact ionization, leading to a shift of the subthreshold
characteristic.
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Figure 2.18: (a) Schematic illustration of the RFET device architecture using the BG as PG and
the FG as CG. Further, NiSi MSJs are utilized with an Al capping. (b) Transfer characteristic of
the proposed RFET revealing an I3 /I® ratio of ~2. (c,d) Band diagrams illustrating the charge
carrier filtering process for p- and n-type operation, respectively. Images from @/

Based on bottom-up grown and top-down fabricated NWs, Al-Ge based RFETs were
proposed, ,. However, as mentioned in the introduction of this section, a high
asymmetry between n- and p-type operation is evident in the Al-Ge MSJ. Nevertheless, a
NDR-mode RFET on the base of Al-Ge bottom-up grown NW SBFETs was proposed,
which uses the inherently accessible transferred electron effect implemented in a RFET
gating architecture. Combining the two functionalities provides a versatile platform for
the implementation of reconfigurable electronics. Thus allowing the realization of adaptive
circuits within the scope of "Beyond CMOS”.
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Scaling and applying RFETs

In terms of RFET scaling, simulations have been published in the past, evaluating the min-
imal structural sizes and dependencies, such as TG dimensionality and channel lengths.
Baldauf et al. studied the scalability of RFETs and used ring oscillator
structures to evaluate the power consumption and oscillation frequency on both Si and
Ge NWs. Moreover, they investigated the critical overlap of the PG gate and the
source/drain region, which should be as small as possible to prevent too high capacitances
and decrease dynamic power consumption. In summary, a RFET operability down to a
channel length of 50 nm was evaluated.

Further, concerning TCAD simulations of Si-based RFETs, sufficient reconfigurable op-
eration with 10 nm technology (gate length and gate spacing down to 10nm each) was
shown. In the scope of circuit realizations, it was evaluated that numerous approaches
are possible that not only reduce the transistor count but also overcompensate the intrinsic
drawback of lower on-currents in SB-based devices. Therefore, although the struc-
tural sizes of RFETs exceed state-of-the-art CMOS MOSFETS, a reduced area for the
same logic operation can be achieved. Moreover, RFETs enable applications arising in
hardware security, due to a non-distinguishable transistor design and non-existent
doping. , Concerning logic circuits, Trommer et al. created various circuits com-
bining multiple Boolean logic cells in a single circuit, which can be reconfigured dur-
ing run-time, where the additional gate allows the configuration of the cell as NAND or
NOR. Moreover, XOR and XNOR reconfigurable circuits have been proposed by
De Marchi et al. Lately, in terms of circuit integration, RFET research has made
significant progress towards electronic design automation (EDA), whereas DC compact
models for RFETs, and SBFETs were proposed.

( RFETs are transistors, which allow run-time reconfiguration be-

1 tween n- and p-type operation in a single device, inherently accessi-
ble by the ambipolar nature of SBFETs. Its implementation in circuits
requires equal n/p-type I/V characteristics, which is dominantly de-
fined by the effective n- and p-type SBH. RFETs enable Boolean logic
circuits with a reduced transistor count and enable hardware secure
designs.
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2.4.2 Negative Differential Resistance Devices

In Section [2:3-3] the transferred electron effect and its physical mechanism in Ge are
thoroughly discussed. In this respect, the multi-valley conduction bands with a sufficiently
low AFE between the L- and X-valley and a change of the charge carrier mobility enable
NDR. Moreover, the NDR I/V characteristic and its main FOM are introduced, whereas
essential limitations, such as the minimum required channel length and &.,;; are elaborated
in the scope of Ge NW-based SBFETs.

However, setting NDR in a broader context shows that most devices exhibiting NDR are
realized by using quantum wells and group III-V semiconductors, in which NDR is
obtained by resonant tunneling effects. , Another way to exploit tunneling-induced
NDR is the Esaki tunneling diode, which is based on a similar concept and reaches PVR
values up to ~100. , A detailed explanation of group III-V semiconductor concepts
is given in the work "Negative Differential Resistance Devices and Circuits” by Berger and

Ramesh. [233]

As the work at hand focuses on the transferred electron effect in Ge, important Ge-based
state-of-the-art devices with NDR are discussed. The first observations of NDR induced
by the transferred electron effect in bulk Ge were made in the mid to late 1960s. ,
However, device realizations were achieved much later, which can be attributed to more
advanced processing techniques and the capability to fabricate nanoscaled devices. In this
respect, NDR was demonstrated in Ni/Ge based Schottky diodes with low PVR values in
the temperature range of 100K to 230 K. Based on transistors, Kazazis et al. made
an important step towards Ge-based devices that exhibit NDR in the work "Negative
differential resistance in ultrathin Ge-on-insulator FETS”. In the latter, they exploited
GeOl to realize devices with NDR. Besides the evaluation of the typical transfer (Ip
vs. Vgs) and output (Ip vs. Vpg) I/V characteristics, NDR was observed at cryogenic
temperatures in the temperature range of 77K to 4.2K. They claim that besides the
confined Ge between a SiOy and LaYO layer [cf. Figure c¢)] and thereof obtained inter-
valley and inter-subband electron transfer effects, the transferred electron effect enables
NDR [cf. Figure (a—c)]. Moreover, charge trapping at the Ge/LaYO and Ge/SiO,
interface of hot electrons is considered for the exhibition of NDR. Figure 2.19(d,e) shows
the thereof obtained NDR I/V characteristics at 7' = 77K and 7' = 4.2 K, respectively.
Even at a cryogenic temperature of 4.2 K, rather low PVR values ~1 are achieved.
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Figure 2.19: (a) Device architecture with a 5nm thick Ge layer confined by SiOy and LaYO.
Note that the BG is used to gate and drive the device in electron conduction mode. (b) Band
structure of Ge with indicated conduction valleys and energy differences. (c) Heterostructure of
confined Ge between SiOs and LaYO, whereas the n-doped Si handle wafer is used as BG. (d,e)
NDR I/V characteristics at T = TTK and T = 4.2K, respectively. Additionally, Ipeak|vns=2v and
IVaHey|VDS:4V are indicated. Images from @/

Another concept, which is based on the proposed Al-Ge-Al NW heterostructure integrated
in a SBFET architecture, was published by Brunbauer et al. in the work ”Gate-Tunable
Electron Transport Phenomena in Al-Ge(111)-Al Nanowire Heterostructures”. Impor-
tantly, depicting the first observation of NDR in Al-Ge based devices. Notably, the NDR
characteristic showed remarkable results with PVR values of ~40 at RT. Moreover, they
propose that the transferred electron effect in Ge is mainly responsible for the pronounced
NDR. Figure gives an insight into the used NW architecture and the obtained results.
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Figure 2.20: (a) Al-Ge-Al NW heterostructure in SBFET configuration, where the BG (Si handle
wafer) is used for electrostatic gating. (b) Thereof obtained NDR I/V characteristics at different BG
biases Vgg. The PVR is enhanced by driving the device in stronger n-type operation (Vgg >0V ).

Images from .

As shown in Figure 2:20] using Vg allows tuning the energy bands and thus leads to
a more pronounced NDR, characteristic with an increased PVR. Further, increasing Vsp
allows to initiate the transferred electron effect, where Ipg, occurs at Vsp = ~2V and
rag < 08 is evident in the range of Vop = 2V to 4V. Moreover, at Vop = ~4V the
onset of impact ionization becomes evident, resulting in a steep increase of Isp. However,
using BG devices bears drawbacks regarding the exhibition of NDR. First, as most of
the Ge channel is uncovered and prone to ambient conditions, adsorbates may influence
the charge carrier transport and provide trap states. Thus, the PVR and NDR stability
in terms of the rgig < 0V position might vary due to a changed electrostatic landscape
of the transistor. In this respect, Pregl et al. described distinct considerations in using
back gated devices. Moreover, back gated devices do not allow individual gating of
different devices on a single chip, as all devices on the chip are electrostatically gated
simultaneously, therefore hindering the realization of circuits. Notably, Bockle et al.
and Sistani et al. already published works, considering top gated NW-based Al-Ge-Al
SBFETs, which, however, merely feature rudimental tunability of the NDR region.

[ J Using Ge inherently enables NDR functionality, which was already

l demonstrated on Ni/Ge based Schottky diodes, GeOl-based transistors, and
Al-Ge-Al SBFETs. However, many realizations require cryogenic temper-
atures for the exhibition of NDR. Moreover, state-of-the-art devices
do not feature distinct NDR tunability.
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Chapter 3

Experimental Techniques

This chapter discusses the experimental methodologies and gives insights into the mea-
surement equipment and data evaluation techniques used in the scope of the thesis at
hand. Section [3.1] discusses the device integration, laying out the steps towards the inves-
tigated metal-semiconductor junctions (MSJs) and Schottky barrier field-effect transistors
(SBFETs). Additionally, Section describes the electrical characterization setup and
thereof evaluated parameters and characteristics, which in particular considers SBFET
figures of merit (FOM) and the method of bias spectroscopy.

3.1 Device Integration

For SBFET characterization, a device design is required, reducing parasitic effects and
ensuring accessibility for electrical probing. Therefore, this section starts with a descrip-
tion of the SBFET integration, starting from the substrate containing the as-grown NWs;
and also includes considerations for scanning transmission electron microscopy (STEM)
and energy dispersive X-ray spectroscopy (EDX) investigations. Note that the integration
follows the same procedures for all investigated Al-group IV material systems. Particular
differences, which mainly concern the used precursors for NW growth and the fabrication
of the gate oxides are mentioned in the structural characterization results in Section

Prior to the actual SBFET integration, NW substrates were provided, as shown exem-
plarily in Figure illustrating a scanning electron microscopy (SEM) image of (111)-
oriented bottom-up grown and nominally un-doped (intrinsic) Ge NWs. Attributed to the
VLS synthesis mechanism initiated by Au catalyst particles, mainly vertically arranged
NWs are evident. Note that in the scope of the work at hand, only NWs are used, which
are nominally un-doped, here called intrinsic semiconductor NWs.
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Figure 3.1: SEM side-view of a NW substrate containing VLS-grown intrinsic and (111)-oriented
Ge NWs. Si and Siy_xGex NW substrates were provided in the same manner. Image adapted

from .

In the next step, a fraction of the NW substrate is cut by cleaving, which is then further
oxidized (in the case of Si NW substrates) or placed into an atomic layer deposition
(ALD) system (in the case of Ge and Si;_xGeyx NW substrates) for the fabrication of the
conformal passivation shell. Note that the dielectric passivation finally serves as SBFET
gate oxide. In this respect, Si NWs are dry oxidized at T = 900°C within an ATV
PEOG601 furnace for the fabrication of SiOs, whereas AloOg with a trimethylaluminium
(TMA)-water precursor in a Cambridge or Vecco ALD chamber is deposited for Ge and
Si;_xGex NWs at T" = 200°C. Details regarding the actual oxide thicknesses are given
in Section [{.I] whereas basically the oxidation duration and number of ALD cycles define
the oxide thickness.

In general, unpassivated Si NWs with a thin native oxide in the range of 1.5nm to 2nm
exhibit rather large Q¢ and Dy values. Further, Berghuis et al. investigated the
ALD Aly03/GexOy/Ge interface and extracted Qf ~—1.8 x 10'2 ecm—2. Importantly,
having passivated NWs still on the substrate allows safe storage without degradation of
the semiconductor core avoiding further oxidation. The Au growth catalyst at the tip of
the NWs is not intentionally removed, as it is assumed that it does not have any influence,
attributed to the fact that the NW is connected and intruded on both radial ends by
Al, as discussed later. To deposit and further integrate the already passivated NWs, the
cleaved NW substrate is placed in isopropanol, where ultrasonic agitation is applied to
achieve a suspension of NWs in isopropanol. Next, the NWs are placed on a pre-patterned
host chip called "hexpad” by drop-casting with a micropipette and a subsequent nitrogen
flow. An illustration of such a hexpad is shown in Figure 3.2} consisting of a 500 pm thick
degenerately p-doped Si substrate and a 100nm thick SiOg layer atop. The hexagonal
arranged contact pads are fabricated by optical lithography and evaporation of 100 nm to
120nm Au acting as contact pads.
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Note that the dots in-between, triangular-shaped areas, and rectangular area at the bot-
tom are contacts to the p-doped Si substrate acting as back gate (BG). Therefore, BHF
(6:1 volume ratio of 40 % NH4F in water to 49 % HF in water) etching of the 100 nm thick
BG oxide is performed before the Au deposition. Additionally, a microscope image with
an already connected NW (here: Field 09) is shown in Figure
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Figure 3.2: Layout of "Hexpad” host chip, which is used to integrate the proposed SBFETs.
The 11 x 1lcm chip contains 19 fields with hexagonal arranged Au contact pads. The inset of a
microscope image in field 09 shows an already connected NW with Al leads.

By drop-casting the NWs on the "hexpad”, they are randomly distributed, requiring SEM
imaging to indicate favorable NWs for further processing and integration. After identifi-
cation of single NWs with low tapering, decent diameters dyw below ~50nm as well as
sufficient NW lengths > ~3 pm, the "hexpad” is transferred into an electron-beam lithog-
raphy (EBL) system (eLine Raith) for the fabrication of the Al source/drain contacts and
leads to the "hexpad’s” Au pads. Using a positive tone poly methyl methacrylate (PMMA)
resist and matching developer, the desired structures are patterned and dissolved. Next,
an etch process is used before Al sputtering to remove the dielectric and native oxide at
the contact areas of the NWs. Therefore, on Si NWs with a SiOs shell a BHF dip is
sufficient, whereas the Ge and Si;_xGeyx NWs require an additional HI [3 parts HoO & 1
part HI (57 %) resulting in a 14 % HI] dip for ~6s to remove any remaining Ge,Oy.
Experimentally, a BHF (6:1) etch rate of ~1nm/s for SiOg as well as Al;O3 was evaluated,
where additional 2s to 3s are added, ensuring complete removal of any residual oxide.
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Finally, 125 nm of Al is deposited by sputtering, building the source/drain regions of the
transistor. In the last step, lift-off techniques by subsequent acetone and light ultrasonic
treatment, as well as microscopy imaging, were performed to ensure the absence of short
circuits due to fencing and complete removal of the resist. In this state, the Al is only
in intimate contact with the semiconductor NW surface, as no solid-state reaction has
occurred within the NW yet. Thus, in combination with Fermi level pinning (cf. Sec-
tion 2.2.1)), a high density of uncontrollable Al/(oxide)/semiconductor interface defects
may exist. Therefore, as discussed in Section a RTA process in forming gas at-
mosphere (90 % No & 10% Hs) is performed to initiate the solid-state exchange reaction
between Al and the group IV semiconductor, where 673 K and 773 K is used for the Al-Ge
and Al-Si as well as Al-Si;_Gey, respectively. Consequently, Lgc~1nm is targeted by the
intrusion of Al into the NW. Importantly, consecutive annealing cycles can be performed
due to the non-existent inter-metallic phases of the proposed Al-group IV material systems
(cf. Section . Further details regarding the annealing rates and crystal orientations
of the integrated NWs are discussed in Section [£.1}

Figure a,b) shows the thereof obtained heterostructure after RTA, forming two MSJs
within the NW. Further, Figure (b) depicts a 3D illustration of one MSJ and the passi-
vation coating of the NW. As the passivation layer is fabricated before the NW deposition
onto the "hexpad”, the dielectric is in direct contact with the BG oxide. Consequently,
applying a bias to the BG enables electrostatic gating tunability. However, attributed to
the high surface-to-volume ratio and the thereof exposed, but passivated, semiconductor,
this gating architecture exhibits considerable drawbacks, such as influences of adsorbates

(cf. Section [2.1.3) or body charging effects. [260,261]

For better electrostatic gating capabilities and precise tuning of the energy landscape, top
gated SBFETSs are used as depicted in Figure c,d). Therefore, in the first step, the
semiconductor channel Lgc (after RTA) is determined by SEM inspection by conductivity
and material contrast, and the top gates (TGs) are connected to the “hexpad” layout
connecting an unused Au pad (cf. Figure . EBL is used for patterning using the same
resist and techniques as discussed previously. After releasing the reacted resist, 10 nm Ti
and 100 nm Au is evaporated, whereas the Ti acts as an adhesion layer and as TG material,
attributed to its matching work function (cf. Section and Au as bonding material.
Attributed to the well-known TG fabrication parameters of Ge SBFETS, [75//262] the same
TG stack is used for Si and Si;_Geyx based SBFETs. Importantly, for single top gated
SBFETs, the obtained 2-shaped TG covers the MSJs and the semiconductor channel for
excellent electrostatic gating capabilities. Further, the impact of adsorbates on the charge
carrier transport is minimized, as the semiconductor is not prone to ambient conditions.
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Semiconductor
Si, SiGe, Ge €

Gate Dielectric
_ Si: Si0,
Si0, (si)Ge: ALLO,

Figure 3.3: (a) False-color SEM image of a NW with Al contacts after the solid-state exchange
reaction initiated by RTA. (b) 3D illustration of the deposited NW. Note that the NW passivation
is in direct contact with the BG ozide. (c) False-color SEM image of a top gated device, where the
TG covers the complete semiconductor channel and overlaps both MSJs. (d) 3D illustration of the
top gated device, showing the Q-shaped TG for efficient electrostatic gating.

Thus, the key process steps can be summarized as listed in the following:

Nanowire growth (VLS)
Gate oxide formation
o Si: Thermal SiO,
05Si,,Ge, & Ge: ALD Al,O,
Nanowire deposition
Al contact formation
o BHF etching
oSi, Ge, & Ge: HI dip
o Al sputtering and lift-off
O RTA in H,/N, for exchange
Al-Si & Al-Si,,Ge,: 773 K
Al-Ge: 673K
Top gates formation
T oTi/Au evaporation and lift-off

Summary of the process scheme for fabricating the proposed Al-group IV based SBFETs from top
to bottom.
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In the case of fabricating a multiple TG SBFET, as considered in Sections[4.3]and [£.4] the
same fabrication techniques are applied. Further, after fabricating and analyzing the TGs
by SEM, a soft bake-out at 373 K for 15 min is performed at ambient conditions prior to
electrical measurements. Thus reducing the density of ”slow” trap states and setting the
SBFET closer to an initial state.

Heterojunction characterization

In order to characterize the heterojunction, scanning transmission electron microscopy
(STEM) is needed. Attributed to the thick handle wafer (500 pm p-Si + 100 nm SiO3) of
the "hexpad”, STEM cannot be directly performed. Therefore, lacey carbon grids
and SizN, membrane chips with a thickness of 40 nm are used, which are discussed in the
following.

Characterizing the MSJ from a structural point of view is a challenging task, as a suffi-
ciently high imaging resolution is required, enabling the analysis on an atomic level. Hence
allowing the detection of any inter-mixing of the metal and semiconductor, as well as the
determination of any potential compound material or cavity. In this sense, SEM imaging
is insufficient, as it merely delivers a surface characterization with a resolution of ~1nm,
depending on the acceleration voltage. Moreover, in correspondence to the selected
mode (secondary or back-scattered electrons), only the top few nanometers of the struc-
ture can be visualized. In contrast, STEM allows a resolution < 1nm and also operates at
higher acceleration voltages (SEM: ~5kV; STEM: 200kV), allowing a thorough analysis
of the sample.

In the scope of the thesis at hand, STEM and EDX investigations were performed to
analyze the proposed Al-group IV semiconductor MSJs. In particular, bright field (BF)
and high-angle annular dark-field (HAADF) STEM imaging were used for MSJ charac-
terization. Additionally, on an Al-Sig5Gegs based SBFET electron beam-induced current
(EBIC) investigations within a STEM system were performed. Therefore, the thickness of
the handling substrate needs to be < 100 nm because electrons need to transmit through
the sample for detection. As STEM investigations were performed by two collabo-
ration partners, two different handling substrates were usedEl First, lacey carbon grids
were used to investigate the thermally grown SiOs on Si NWs, which are commercially
available for many STEM setups. In general, transferring NWs onto a lacey carbon grid
enables a simple and fast method for STEM investigations, further providing a mechani-
cally stable substrate for NW core and shell investigations. However, lacey carbon grids
do not allow the evaluation of the proposed Al-group IV MSJs, as no Al source/drain
pads can be fabricated. Nevertheless, in the scope of this thesis, lacey carbon grids are
used for STEM and EDX investigations of the SiOg shell, which is discussed thoroughly in
Section [£.1.1] Figure[3.4shows a SEM image of a lacey carbon grid with already deposited
and SiOg-passivated Si NWs.

! Lacey carbon grid: Dr. Lilian Vogl, EMPA Thun, Switzerland.
SisNy membrane: Dr. Martien I. den Hertog, Institut Neél, Grenoble, France.

64



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

>

Si NWs with SiO, shell

Figure 3.4: SEM image of a commercial lacey carbon grid for STEM investigations. The grid
already contains SiOs-passivated Si NWs. In the scope of this thesis, these grids are used to
investigate the SiOy gate oxide and determine its thickness.

In contrast, a more advanced substrate is required for investigations of the proposed Al-
group IV MSJs, enabling the deposition of Al and solid-state exchange reaction between
Al and the group IV semiconductor. In this respect, 40 nm thick SigN4 membranes are
used as illustrated in Figure The used membrane chip with Ti/Pt pads was designed
and provided by Dr. Martien 1. den Hertog, Institut Neél, France. In contrast to
the commercially available lacey carbon grids, the membrane chip allows the fabrication
of Al source/drain regions and the application of RTA, enabling the desired MSJs. In
general, the same fabrication steps as for the "hexpad” integration are used. As shown in
Figure[3.5(b), NWs (yellow rectangles) are connected to the Ti/Pt bond pads for electrical
investigations, whereas also dummy Al pads are used (green rectangles) for investigations
of the MSJs only. Concerning STEM and EDX analysis, a considerable drawback in using
SisNy is the evidence of a strong Si signal, which is, in particular, interfering in EDX
investigations.

The STEM measurement equipment, which uses the SizgN4 membrane chips, consists of a
probe-corrected FEI Titan Themis and Jeol Neo Arm, working at 200 kV and the capability
of performing in-situ electrical measurements. In terms of NWs, due to their radial nature,
the observation direction is of significant importance in STEM investigations, as elaborated
in Section (411
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Figure 3.5: (a) SigNy membrane chip, showing the Au pads for electrically connecting NWs
within the STEM system. (b) Zoomed view of the membrane containing NWs. Note that green
bozes indicate NWs, which are merely used for the MSJ characterization, whereas NWs marked by
yellow boxes also allow electrical measurements, e.g., required for EBIC investigations.

Using the proposed SizN4 membrane chip with its Ti/Pt pads allows for EBIC investiga-
tions, which already proved to be an essential analysis tool in investigating NWs based
on Sigg7Gep .33 or GaAs/AlGaAs core-shell structures . In general, EBIC
allows the identification of buried junctions or defects in semiconductors and is, therefore,
of particular interest in analyzing MSJs. In this respect, the technique depends on the
formation of electron-hole pairs induced by the e-beam of the STEM. Therefore, as
illustrated in Figure [3.6] a current amplifier is used for the measurement of the induced
(drift) current, which intensity depends on the built-in electric field ¢V4; at the MSJ (cf.
Section[2.2.2)). In combination with STEM and the relatively high e-beam energy of 80kV,
electrons are only partly absorbed and allow a co-use with EBIC for precise localization of
junctions. Consequently, the e-beam scans across the sample and is mapped accordingly to
the STEM image. Therefore, depletion regions can be determined and tuned by applying
an external bias, i.e., Vpg. Note that, attributed to the SigN4 membrane chip, electrostatic
gating cannot be accessed. In the scope of the work at hand, EBIC allows for qualitative
analysis of the degree of equality of the two back-to-back Schottky junctions, as positive
and negative charge carriers are separated, resulting in the total collected current through
the sample.
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Figure 3.6: Schematic EBIC setup used for the characterization of an Al-Siy 5 Gey 5 based SBFET.
The e-beam generates electron-hole pairs in the NW and, therefore, allows the determination of
local electric fields and defects. Using EBIC combined with STEM allows for direct mapping of the
MSJ’s position.

In the scope of the thesis at hand, STEM and EDX investigations are conducted for all
proposed Al-group IV material systems, whereas EBIC was merely demonstrated on Al-
Sig.5Geg.s based SBFETs. Notably, this is attributed to the fact that the Al-Si;_Gey
MSJs do not exhibit sharp profiles as evident in the Al-Si and Al-Ge material system (cf.

Section .

(d Intrinsic group IV semiconductor NWs are integrated into SBFETs

l by fabricating Al source/drain contacts and intruding the Al into the NW,
enabling MSJs. Therefore, "hexpads” are used as handling substrates for
electrical probing. The structural investigation of the obtained MSJs
is done by STEM and EDX, utilizing lacey carbon grids and SigNy
membrane chips. In combination with STEM, an EBIC study was
performed on Al-Sip5Gegs-Al NW heterostructures.
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3.2 Electrical Characterization

After the integration of the proposed group IV NWs into SBFETSs, the electrical characteri-
zation was performed. Therefore, this section focuses on the used measurement equipment
and discusses the evaluation of extracted data. First, Section elaborates on the elec-
trical measurement equipment, followed by an explanation of the extraction methodologies
of SBFET FOM in Section [3:2.2] As the activation energy E, is of essential relevance in
SBFETSs (cf. Section , Section discusses the evaluation methodology based on
the 3D TE model. Lastly, Section [3.2.4) highlights bias spectroscopy and sets it in relation
to low-temperature physics and first principles obtained from SBFETs.

3.2.1 Experimental Equipment

For the electrical data acquisition, a semiconductor analyzer in combination with a Lake
Shore PS-100 cryo-probe station was used, as illustrated in Figure 3.7} For the conduction
of measurements at cryogenic temperatures (here: min. 77K), a vacuum pump stage
(Pfeiffer HiCube with a backing pump and turbo pump) is directly connected to the
experimental chamber of the Lake Shore system, reaching vacuum levels of ~1 x 10~ mbar.
Further, cryogenic temperatures are achieved by using liquid nitrogen (LNs), reaching a
minimum temperature of ~77K. A Lake Shore model 336 temperature controller was
used to set temperatures, which is directly connected to the heating stage within the
experimental chamber [cf. Figure [3.7(b,c)]. Further, a Keysight B1500A semiconductor
analyzer with four Source-measure units (SMUs) and two Voltage-source units (VSUs)
was used for the acquisition of electrical data. Thus allowing to apply and/or sweep DC
voltages, required to extract the desired I/V characteristics. Moreover, the installed SMUs
allow for pulsed operation, allowing for the minimization of charging and charge carrier
trapping effects by reducing the involved time constants. Consequently, continuous vs.
pulsed I/V measurements allow to get an impression of the origin of hysteresis effects,
which is crucial in particular in Al-Ge based SBFETs, due to the potential impact of
native Ge,Oy and its associated high density of trap states.

For the characterization and extraction of SBFET FOM, basically transfer (Ip vs. Vg
at fixed Vp) and output (Ip vs. Vp at fixed Viz) characteristics are required. Note, that
if not otherwise stated Vg = 0V. In terms of NDR devices, output characteristics at
Vo > 0V (n-type operation) are performed by additionally considering sufficiently high
Vp to initiate the transferred electron effect (cf. Section [2.3.3). Moreover, attributed to
the probe station setup and the temperature controller, a temperature range of 77K to
400 K can be accessed, thus allowing a thorough T-dependent charge carrier transport
characterization of the proposed Al-group IV material systems.

Integrating RFETS in logic circuits needs additional measurement equipment, as a logic
circuit’s functionality is properly described by transient measurements, i.e., Ip vs. t.
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Figure 3.7: (a) Lake Shore PS-100 probe station with connected Pfeiffer vacuum pump system.
(b) Live microscope image visualizing the position of the contact needles. The Lake Shore 336
temperature controller and the Keysight B1500A semiconductor analyzer are also shown. (c¢) Image
of the experimental chamber and stage showing probing needles and associated SMUs.

Therefore, the generation of the input signals is done by a Yokogawa FG300 function
generator connected to VMUSs of an HP 4156B semiconductor analyzer.

In terms of the maximum applicable Vpg, the breakdown field of the proposed group
IV semiconductors needs to be considered, which is 3V /nm and 1V/nm for Si and Ge,
respectively (cf. Table . Further, in terms of the gate voltage V, the maximum bias
is evaluated experimentally on a dummy SBFET before defining a dedicated measurement
routine due to potential variations in the gate oxide thickness ¢,y and quality. However,
in device realizations and in particular in circuits, the same (absolute) bias values are
desired, which can be achieved by optimizing the device design, such as channel length
Lsc, gate oxide thickness ¢,y and selection of gate oxide material.

(d I/V characteristics are acquired by a Keysight B1500A semiconductor an-

l alyzer, using a Lake Shore PS-100 probe station, capable to perform inves-
tigations in vacuum and in the temperature range of 77 K to 400 K.
Additionally, transient measurements are acquired by using an HP 41568
semiconductor analyzer and a Yokogawa FG300 function generator.
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3.2.2 SBFET Figures of Merit

For a fair and comprehensive comparison of the proposed Al-group IV material systems,
the same parameters and extraction methodologies need to be applied. Therefore, the
transfer characteristic provides a valuable data set, allowing the extraction of important
SBFET FOM. In this respect, Cheng et al. defined distinct parameters that shall be con-
sidered for characterizing emerging FETs. Beside structural NW parameters, such as
the semiconductor NW core diameter dyw, the gate oxide thickness tox and the NW chan-
nel length Lgc, electrical parameters illustrated in Figure |3.8| are considered. From the
transfer characteristic, the on-currents 124" of the n- (Vo > 0V) and p-branch (Vg < 0V)
as well as the off-current I,g are directly extracted. In this respect, the transistor research
community normalizes currents to the channel width (in pA/pm), whereas in NW elec-
tronics, the NW diameter dnw is used for normalization. Thus allowing a fair comparison
of the currents between different device dimensions and architectures. Moreover, it is ad-
vised that I,g is extracted at Vo = 0V and I,, at Vp = Vg, which however, bears two
challenging aspects. First, attributed to fixed oxide charges (cf. Section , the trans-
fer characteristic might be shifted horizontally, caused by trapped charges, e.g., trapped
electrons in the oxide cause a shift towards a more positive Vg, as electrons are negatively
charged. Consequently, I,g being the minimum current in an ambipolar transfer char-
acteristic is not evident at Vg = 0 V. Another challenge in this context is the history of the
investigated device, i.e., at which environmental conditions (adsorbates being dependent
on ambient or vacuum conditions) and in which operation modes (applied bias voltages
determine the accessible energy of trap states) the device was stored or operated. Further,
the absolute temperature needs to be considered, as thermally excited charge carriers may
occupy higher energy trap states. Second, in many experimental transistor concepts,
Vb = Vg cannot be ensured due to non-optimized gate dielectrics and device architectures.
Therefore, assuring a fair comparison needs an explicit definition of Vp and V. More-
over, having on- and off-currents evaluated allows to calculate the I% /IP ratio, being an
important dimensionless parameter in particular for the realization of RFETs. Further,
defining the n- and p-type driving capabilities in logic circuits. Another important metric
is the If;,{p /I ratio, quantifying the transistor’s on-to-off capability.

70



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

—
=Y
~—
—
=)}
=

/(p)

<

_D —_ —
- $ :.‘
3 - g
3 o
o fd
‘T 3 2
a £ v
© n v
g a Vo™ | 5
| / v g

0 b

Gate voltage V_ (V) Gate voltage V_ (V)

Figure 3.8: (a) Idealized ambipolar transfer characteristic of a SBFET with equal n- and p-type
branch. Additionally, relevant FOM are highlighted. The upper inset shows the naming convention
of the applied bias at the corresponding electrodes. Moreover, the lower insets show Vi -dependent
band diagrams. (b) Linear representation of the n-type transfer characteristic and the extraction
of the transconductance gy, as well as the threshold voltage Viy. The same procedure applies to the
p-type transfer characteristic.

The following parameters are extracted using methodologies presented in ”Semiconductor
Material and Device Characterization” by D.K. Schroder. In this context, the ex-
traction of the inverse subthreshold slope S™/P (in V/dec, where a decade corresponds to
a ten times increase of the drain current Ip) is discussed next. In this respect, a steep
slope with low values is desired, determining an efficient transition between the on- and
off-state. Evaluating S™P requires to apply a tangent in the TE-dominated regime as
indicated in Figure a) and set its slope in correspondence to Equation .

Sn/p — (W}l (3.1)

The subthreshold swing Sy, is theoretically defined according to Equation ([3.2)).

kpT cd)
= In(10)2= (1 2
Sih n(0)q(+cox, (3.2)

where Cy is the depletion layer capacitance (in SBFETs also junction capacitance Cj),
which attributed to the use of SB-based devices, exhibits low values (cf. Section[2.2.2). Re-
garding C\y, the occupation of interface trap states and charging effects must be considered
additionally. Considering Equation , a minimum subthreshold swing is reached
by letting Cq — 0 and/or Cox — o0, leading to the expression Sih—min = In(10)kgT/q,
which is known as the thermionic limit with a value of 60 mV /dec at T'= 300 K. In this
context, distinct switching mechanisms need to be accessed to achieve S < 60mV /dec.
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In respect to NW-based implementations, GAA Si p-FETs with an average Sy, = 14 mV /dec
were realized by suppressing band tail effects and neutral defect scattering. Moreover,

Kim et al. proposed pt-n"-i-n* doped Si NWs, reaching values as low as 0.1 mV /dec by

accessing positive feedback of charge carriers in the channel. Further, negative capac-

itance gate-stacks encompassing a ferroelectric, such as HZO (Hafnium Zirconium oxide),

allow to increase the performance of steep subthreshold devices with S < 60mV /dec due

to internal voltage amplification. [271]

Next, the transconductance g, is considered, which extraction is schematically illustrated

in Figure (b) As stated in Equation , gm is calculated directly from the transfer

characteristics data, which is a major FOM for transistors applied in amplifiers. [17]

Oy

Jm = Ve (3.3)

Similar to the on- and off-current normalization, the transconductance is also normal-
ized to the NW diameter dyw (unit: pS/pm). In the case of on-current saturation as
indicated in Figure 3.8 a distinct gm-—max can be extracted, allowing for comparison of
different material systems and device architectures. Further, the transconductance g,
is used to evaluate the threshold voltage Vt?l/ P as a physics-based method. Therefore,
a modified linear interpolation method, as illustrated in Figure (b), is used. Thus,
JIm-max 1S evaluated and vertically projected to the transfer I/V data at the Vi value.
At the corresponding Ip value a tangent is applied and interpolated to Ip = 0 A, where
the interception determines V4. Note that g, and Ip data need to be visualized linearly
for this procedure. In general, the linear interpolation method requires the calculation of
the threshold voltage according to Vi, = Vintercept — Vs /2. However, this equation
strictly holds for negligible series resistance that is typically not evident in SB-based de-
vices. Therefore, regarding a fair comparison of the proposed Al-group IV based SBFETS,
‘/intercept = Vin 18 apphed'

In general, transfer characteristics can be measured by performing a single Vi sweep, e.g.,
starting at Vo = 5V and sweeping to —5V. Additionally, as indicated by the dashed
curves in Figure a), a double sweep, e.g., starting at Vg = 5V and sweeping to —5V
and subsequently back to 5V reveals a hysteresis. Consequently, extracting Vi, of the
forward and backward sweep and calculating the difference Vin_forward — Vih—backward T'€-
sults in a metric for the hysteresis. In this respect, trap states at the oxide/semiconductor
interface, as well as fixed charges in the oxide, are influencing the threshold voltage Vi,
resulting in hysteresis effects (cf. Section [2.1.3)). [262,272] Certainly, fixed charges in
the oxide Q¢ in the oxide cause permanent V;y shifts. Therefore, also time constants
concerning the trapped charge carrier’s lifetime need to be taken into account, whereas
additionally, the device’s history impacts the trap states’ occupation. Thus, to improve
gating efficiency, besides reducing Cyx, low Dy and Q¢ values are desired, directly leading
to reduced hysteresis effects.
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Reconsidering the previously mentioned history and transient stability, i.e., hysteresis, of
SBFETs, the accurate extraction of its FOM bears challenges that need to be considered.
The following gives an overview of the most important aspects to consider in evaluating
SBFET FOM:

o Adsorbates:
Due to the -shaped metal TG architecture, the channel is entirely shielded and
the influence of adsorbates is significantly decreased and does, therefore, not play
an essential role in evaluating the proposed SBFETs. However, in devices where the
oxide-covered semiconductor channel is in contact to ambient conditions, i.e., back
gated SBFETS, adsorbates highly influence FOM by electrostatically influencing the
charge carrier transport (cf. Section.

o Density of interface trap states Dy and fixed charges Qy:
Trap states at the semiconductor /oxide interface are the main contributors to tran-
siently unstable devices, highly impacting the I/V characteristics by capturing charge
carriers. Therefore, material systems with low Dy are desired for reliable and repro-
ducible transistor operation. In contrast, (Jr can be engineered to tune the threshold
voltage V;n and position the transfer characteristic horizontally.

o Absolute temperature:
According to Fermi-Dirac statistics, the absolute temperature determines the de-
gree of thermal excitation of charge carriers. Therefore, decreasing the temperature
reduces the charge carrier concentration, known as freeze-out. Consequently,
reducing the probability of charge carrier trapping and, therefore, the density of

trapped states.

e Sweeping mode, rate and direction:
As trapped states are highly determined by their occupation density and capture
cross-section, the sweeping mode, i.e., continuous or pulsed, the rate, i.e., step width
between two subsequent data points, as well as the voltage’s slope and direction of
sweeping, i.e., from 0V, positive or negative bias, the state of the involved traps are
determined. Attributed to a changed occupation of energy states and the history of
measurements, the I/V characteristics are prone to variations.

To reduce history effects, e.g., caused by SEM imaging or prior electrical measurements,
a soft bake-out routine at 373 K for 15 min was performed at ambient conditions, bringing
the device closer to its initial state by reducing the density of trapped charge carriers. [268]
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Chapter 3: Experimental Techniques

In terms of evaluating the previously discussed FOM, Python scripts were developed to
extract parameters, providing a fast and reliable routine for investigating and comparing
SBFET FOM. During the script development, extracted parameters were cross-checked
by manual evaluations with the software tool "OriginPro 2022”. With respect to the
visualized I/V data a Savitzky-Golay smoothing filter is applied, ensuring the originality
of the shown data.

Output characteristics, i.e., Ip vs. Vp at fixed Vg are used for SBFET characterization as
well, where the linear and logarithmic representation is used individually. In this respect,
the linear visualization allows the interpretation of the I/V linearity and enables the eval-
uation of the potential ohmic behavior of the proposed SBFETs. Moreover, information
about the saturation properties for given bias voltages of the underlying device can be
extracted. In contrast, plotting Ip on a logarithmic scale allows the extraction of distinct
operation regimes discussed in Section [2.3.1] Using T-dependent output characteristics
builds the basis for evaluating an activation energy F,, being a minimum energy required
to inject charge carriers from the metal into the semiconductor.
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3.2.3 Extraction of an Activation Energy

As elaborated in Section [2.3.2] different theoretical models and considerations for extract-
ing an activation energy E, can be applied. As the 3D TE model is used for all proposed
Al-group IV material systems, a thorough description of its application and derivation
is given in the following. Note that in Figure [3.9] the procedure for a top gated Al-Ge
based SBFET is illustrated, which, is applied in the same manner to the other investigated
material systems.

The starting point is the already introduced 3D TE model of the current (density) (cf.

Section [2.3.2)), shown in Equation (3.4).

Jp = A*T? exp (— kia ) [exp (qVD) - 1} ) (3.4)

considering Vs = 0V. Note that the effective 3D Richardson constant A* is unknown
in most experimental configurations. Thus, F, is evaluated by acquiring T-dependent
output characteristics in the temperature range T'= 295K to 400 K, in AT = 20K steps
(exception: AT|295K—320k = 25 K). As shown in Figure|3.9|(a), obtaining the output char-
acteristics at different Vg allows to evaluate gate-dependent F, values. After rearranging
and applying the natural logarithm to Equation , an Arrhenius expression according

to Equation (3.5)) is obtained [cf. Figure 3.9|b)].

Jp E, qVD) 1
H<T2> ( i K G (3.5)
where the left-hand side term follows a linear 1/7 trend with slope m = —E, /kp+¢Vp/ksp.

In respect to the derivation of Equation (3.5)), exp[¢Vp/(kgT)] >> 1 holds, which is
considered as a boundary condition discussed in Section m Finally, Equation ({3.6)
shows the expression to obtain F,, using the slope m extracted from Figure b).

E, = qVp — mkp (3.6)

Further, Figure (c) depicts that for each Vp data point, a dedicated F, value exists. This
property is further facilitated in evaluating Vp- and Vrg-dependent activation energy maps
presented in Section Furthermore, using linear fitting to Vp = 0V allows to deduce
distinct Vpg-dependent E, values. Performing the same methodology and procedure for
Vrg =5V to —5V in 1V steps, results in Figure (d), showing the activation energy
in dependence of Vpg. In addition, considering the subthreshold regime, a linear fit can
be applied to estimate the flat-band voltage Vgpp. Note that a thorough discussion and
interpretation of the activation energy E, is given in Section [£.2]

Moreover, the 1D LB model was also applied on top-gated Al-Ge based SBFETs due to
the 1D-confined Ge NW channel (cf. Section. Therefore, its extraction methodology
and evaluation, as well as comparison to the 3D TE model, are discussed in Section [£.2:3]
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Figure 3.9: Activation energy E, extraction methodology based on a top gated Al-Ge based
SBFET. (a) T-dependent output characteristics in strong electron and hole accumulation at Vrg
=5V and =5V, respectively. (b) Arrhenius plots of the two corresponding Virg values and for se-
lected bias V. The x-axis has been multiplied by a factor of 1000 for plotting purposes. (¢) Linear
fitting of the Vp-dependent E, values to Vo = 0V of the selected Vg biases. (d) Vrg-dependent
E. values with indicated E2'® and V;ép. Images from [RB1].

o Important SBFET FOM, are the on-currents Iélr{p, the off-current I.g, the
l subthreshold slope S™/P, the transconductance g;ll/(p_ ) the threshold volt-

max

age Vtrﬁ/ P the hysteresis, the activation energy F, /p and flat-band voltage
n/p
Vrp -
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3.2.4 Bias Spectroscopy

In general, bias spectroscopy measurements are broadly used in low-temperature physics,
investigating transport phenomena, such as superconductivity or Coulomb blockades. [47]
Thus, enabling the determination of dedicated operation regimes of the underlying
structures. A prominent device example is the JJ-FET, which transfer characteristic
in Figure a) is illustrated as a transport map by conducting consecutive Ip (here:
G = Ip/Vp) vs. Vg transfer I/V measurements at different Vp biases and at 7' = ~400 mK.
Rearranging the acquired data in a matrix, where each horizontal line represents a single
transfer characteristic, allows for the distinction between the different transport regimes,
therefore visualizing a profound understanding of the bias dependencies. Another example
on the base of parallel printed NiSip-Si NW SBFETs is shown in Figure [3.10|b), where
the transfer characteristic is illustrated as a transport map. Here, the transport regimes
elaborated in Section [2.2.2] are indicated as well, which visualization is inhibited by single
transfer characteristics.
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Figure 3.10: (a) Typical transport maps used in low-temperature physics for the investigation of
superconductivity or Coulomb blockades, where the z-axis illustrates the conductance G = Ip /Vp.
Image from . (b) Transport map obtained from a NiSiy-Si based SBFET and indicated injection
mechanisms. Additionally, a single transfer characteristic is shown in the bottom right corner at

Vq = —=1V. Image from .
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Chapter 3: Experimental Techniques

An essential prerequisite for acquiring bias spectroscopy data is the assurance of transiently
stable devices, attributed to the fact that consecutive I/V measurements are performed.
Thus allowing the acquisition of transfer characteristics with a primary sweep of Vg and a
secondary sweep of Vp. Notably, influencing the occupation of trap states at every single
sweep (cf. Section . In this respect, a low Dy is required, which is in particular
challenging in Ge-based devices, attributed to the potential formation of Ge, Oy (cf. Sec-
tion .

For the acquisition of I/V data suitable for bias spectroscopy, the following measurement
routine is used to obtain T-dependent bias spectroscopy data of the transfer characteristic,
which, however, can also be applied to output I/V data:

Set temperature T,
Set drain/source bias Vy,
Sweep V;

© Acquire transfer I/'V
Set drain/source bias Vj,
Sweep V,

© Acquire transfer I/'V
Keysight B1500A
Set temperature T,

Measurement procedure to acquire T-dependent bias spectroscopy data.

In the scope of the thesis at hand, bias spectroscopy maps of Ip, g and E, are used to
reveal operation regimes and underlying transport properties which cannot be visualized by
single I/V sweeps. Notably, the same procedure can be applied to output characteristics,
enabling the visualization and determination of T-dependent transport mechanisms, such
as TE, FE, or TFE.

[ ] For a comprehensive understanding, bias spectroscopy maps of Ip,
gn and E, allow to determine distinct transport and operation
regimes, which can not be accessed by single parameter I/V sweeps.
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Chapter 4

Results and Discussion

The following chapter presents the results obtained by investigating the stated research
questions (cf. Section , whereas the theoretical concepts elaborated in Chapter [2| and
experimental techniques in Chapter [3] are considered. All investigations consider results
from nominally intrinsic group IV semiconductor N'Ws.

First, Section [4.1] presents the proposed Al-group IV MSJs from a material composition
and structural point of view, [RB2,RB3] whereas in Sectionthe charge carrier transport
of the thereof realized SBFETs is discussed, starting with the electrical characterization of
the individual material systems, additionally considering T-dependent bias spectroscopy.
[RB1,RB3,RB4]| Lastly, a summary is presented, comparing and setting the SBFET FOM
and main characteristics of the investigated material systems into relation. Following the
results obtained in Section "Beyond CMOS” devices are realized from the gained
insights. Therefore, the first Al-Si based RFET and thereof realized basic logic circuits
are discussed in Section [RB2,RB5,RB6] Further, Section presents a throughout
NDR characterization methodology using bias spectroscopy as well as investigating NDR
cascode circuits, enabling enhanced NDR functionality. [RB4, RB7] Lastly, Section
discusses a top-down fabricated Al-Ge based SBFET, which demonstrates a bias-tunable
temperature coefficient of resistance (TCR). [RBS]
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Chapter 4: Results and Discussion

4.1 Structural Characterization of Al-Group IV Junctions

This section elaborates on the heterojunction formation of Al-Si, Al-Sig5Geg s and Al-Ge
MSJs, which is crucial for realizing and operating the proposed SBFETs. Therefore, STEM
and EDX investigations were carried out on lacey carbon grid and SisN4 membranes, as
discussed in Section [3.1] Moreover, the fabricated passivation shells are elaborated, which
also build the gate dielectric in the proposed Al-group IV SBFETs. Notably, the same
RTA process, however, at different temperatures, was carried out to initiate the solid-state
exchange mechanism between Al and nominally un-doped Si, Sig 5Geg 5 as well as Ge NWs

(cf. Section [2.2)).

4.1.1 Al-Si Heterojunction

The starting point for investigations on the Al-Si exchange mechanism are intrinsic and
predominantly (112)-oriented Si NWs grown in a home-built, hot-wall CVD system using
silane (SiHy, Voltaix), hydrogen chloride (HCI anhydrous; Matheson TriGas, 5N research
purity grade), and hydrogen (Hg, Matheson TriGas, 5N semiconductor grade) as a carrier
gas, following procedures by Kim et al. Further, Au nanoparticle catalysts of a nomi-
nal diameter of 80 nm (Sigma-Aldrich) are immobilized on the growth substrates composed
of Si wafers with 600 nm thermal oxide (NOVA Electronic Materials) by functionalizing
the substrate with poly-L-lysine (Sigma-Aldrich) followed by the functionalization with
Au nanoparticles. Substrates are cleaned in a UV-ozone cleaner and inserted in a 1in
quartz-tube furnace (Lindberg Blue M) for growth. Finally, the NW nucleation is per-
formed at 753 K with 2scecm of SiHy, 4scem of HCL, and 194 scem of Ho at 20 torr total
reactor pressure for 20 min until a desired NW length of 20 um is achieved after 80 minEl

Fabrication of the native SiOs shell

After the NW growth, the Si NWs are thermally oxidized in Os atmosphere, using an
ATV PEOG601 furnace, and subsequently annealed in Ny atmosphere for the same du-
ration and temperature to effectively reduce fixed charges. As no oxidation results
were available of intrinsic (112)-oriented Si NWs with nominal diameters of 80 nm, various
oxidation durations are investigated to evaluate the SiOo growth rate. The relevant oxi-
dation temperature was extracted from Krylyuk et al., who carried out investigations on
(111)-oriented Si NWs. In the latter work, a temperature of 900 °C in Oz atmosphere
is used, which is also proposed by Liu et al., claiming better performance metrics in
terms of hysteresis and subthreshold slopes. Note that during heating-up 200 sccm No was
supplied. Next, 50 sccm O was used during oxidation at 7" = 900 K. Finally, an annealing
step with 200 scem Ny was performed at the oxidation temperature.

Y The Si NW growth was performed by Corban G.E. Murphey and Prof. James F. Cahoon at the
Department of Chemistry, University of North Carolina at Chapel Hill, United States.
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Oxidation durations of 2.5 min, 3minE| 5min and 10 min were used and analyzed. Fig-
ure 4.1 shows the thereof obtained SiOy thicknesses evaluated by a combination of STEM
and EDX linescans of oxidized NWs suspended on lacey carbon grids (cf. Section .

BD-('])

Atomic fraction (%)

0 20 40 60 80 100 O 20 40 60 8 100 120
Position (nm) Position (nm)

Figure 4.1: STEM EDX analysis in the top row illustrates the oxidized Si NWs with an increasing
Si04 thickness attributed to longer oxidation durations. (1) and (2) indicate the performed EDX
linescans for ozidation durations of 2.5 min and 5min, respectively. Additionally, in the 10 min
oxidation EDX plot, the SiOy shell is highlighted. tox values are nominal values.

In this context, it needs to be considered that due to the oxidation process and its associ-
ated temperature (To, = 900 °C), the NW surface might become more circular, resulting in
more complex crystal orientations at the Si/SiO9 interface. Additionally, mechanical
strain is induced, whose intensity depends on the actual surface crystal orientation. [278]
Further, Figure indicates that sequential steps of oxidation and etching would allow for
reducing dyw of the Si NW. With respect to the oxide growth, toy follows approximately
a typical diffusion-limited oxide growth, as discussed in the following. Moreover, beyond
the selected oxidation duration, it is expected that eventually SiO9 formation will become
self-limiting as the induced strain reduces Os diffusion. [279|

28TEM and EDX investigations were done by Martien I. den Hertog at Institut Néel, CNRS, France.
Detailed results of these analyses are discussed in the subsection ”Al-Si junction”.
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Chapter 4: Results and Discussion

Figure[.2]shows the obtained SiO2 thicknesses tox vs. the previously mentioned oxidation
durations. Note that within the error bars, caused by uncertainties of the ¢,y extraction via
STEM, a quadratic fit may be applied according to the Deal-Groove model, whereas
the dashed line merely illustrates a visual guide.
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Figure 4.2: SiOy thickness tox vs. oxidation duration illustrating a fast oxidation rate for low
5104 thicknesses. Increasing the oxidation duration leads to a diffusion-limited behavior within the
limits of typical errors in the extraction of toy.

Observing Figure [.2] allows to estimate the expected SiOg thickness tox, which further
acts as the gate oxide of the Al-Si based SBFETs. In the thesis at hand tox = 9nm was
chosen, corresponding to an oxidation duration of 3 min with a subsequent Ny annealing
again for 3min at 900 °C.

Al-Si junction

Consequently, after the fabrication of the 9 nm thick SiO2 passivation shell, the nominally
un-doped (112)-oriented Si NWs were transferred to the SizsNy membrane chip for STEM
and EDX analysis. The detailed processing steps are elaborated in Section [3.1 Addi-
tionally, the theoretical aspects discussed in Section need to be taken into account,
which promote the formation of single-crystalline Al contacts to Si without the forma-
tion of inter-metallic phases. Finally, after the solid-state exchange initiated by RTA at
T = 773K in Hy/Ng atmosphere, a channel length of ~1pm is obtained. The mean an-
nealing rate extracted from 19 Al-Si-Al NW heterostructures on "hexpads” was evaluated
to be (31 &+ 8)nm/s. In this respect, exchange rate variations might be caused by differ-
ent Al-Si contact surfaces, e.g., patchy oxide layers between the Al and Si contact areas
or local temperature inhomogenities. Figure shows the result of the Al-Si solid-state
exchange mechanism by increasing the magnification on the left-sided MSJ.
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Using extended RTA allows the fabrication of fully exchanged NWs, which consist of pure
Al, which might be an useful approach for the realization of interconnects (cf. Figure|A.1]).

(@) RTA

SS585856

Figure 4.3: (a) Schematic illustration of the Al-Si-Al NW heterostructure and indicated RTA
process. (b) False-color SEM image showing a device with Lsc = 1ym[? (¢) STEM EDX map
revealing the abrupt Al-Si interface without inter-metallic phasesﬂ (d) An additional EDX map
shows the O marker, where a unified SiOq shell is evident, surrounding the complete NW.

“SEM image from [RB2].
"EDX image from [RB6].

Next, BF and HAADF STEM analysis of the Al-Si nanojunction is performed to gain fur-
ther insights into the crystallinity of the proposed MSJ. Especially, the crystal orientation
has a significant influence on the electronic transport, as it impacts the band structure
and, in consequence, influences the charge carrier effective masses and mobilities as well
as on-currents (cf. Section . Figure shows STEM images of two indi-
vidual NWs [(a,b) and (c,d)], where a dedicated difference in the shape of the junction
is evident. First, Figure a,b) shows HAADF STEM images of an Al-Si nanojunction,
which exhibits a straight junction indicated by the blue dashed line. Additionally, the
SiOq passivation shell is visualized. Observing the Al-Si nanojunction in the Si [110] zone
axis (observation along this direction) allows to visualize the (111) planes of Si along the
[110] direction of observation. In this context, considering the [110] observation direction
enables to perform dense, strongly diffracting, and rather large lattice spacing imaging
[cf. Siin Figure [1.4b)]. Considering the lattice spacing, taking the diamond cubic
crystal structure into account and using a crystallographic database allows to extract the
crystal orientation of Si, which was determined to be (111). Note that the used Si
NWs were nominally grown in (112) crystal orientation.
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Chapter 4: Results and Discussion

Besides having straight Al-Si junctions, many interfaces exhibited a ”V-shape” as shown in
Figure (c—d), where the tip of the ”V-shaped” junction correlates to the location of the
Si twin boundary. Thus, twin (111) Si boundary planes are evident extending along the
growth axis, which was already reported for (112)-grown Si NWs. A potential root
cause of such twins is impurities, which are, however, not detectable in the NW itself.

Figure 4.4: (o) HAADF STEM image of the Al-Si heterojunction with the indicated nanojunction
and SiOy passivation shell. (b) HAADF STEM image of the junction shown in (a), where the Si
part of the NW is oriented along the [110] direction of observation. (¢) BF STEM image of
another Al-Si heterojunction, revealing a ”V-shaped” MSJ interface. (d) HAADF STEM image
with indicated crystal planes at the Al-Si interface. Additionally, the twin (111) Si planes are
shown, whereas also (111) Al planes are indicated. The Si part of the NW is oriented along the
[110] direction of observation.

Rotating the NW allows further investigations of the (111) Si twins, as illustrated in
Figure[4.5] Moreover, a rotation between the crystals of the Al and Si segments is evident.
Therefore, it is not possible to image the two families of {111} planes in both segments
using the same STEM image. Consequently, a delicate rotation of the NW needs to
be done. First, the observation is set to the Si [110] zone axis, consequently allowing the
visualization of the Si lattice, which is defined as 0° rotation, as indicated in Figure a).
Considering the zoomed-in views [(1.1) and (1.2) in (a)] allows to analyze the crystal lattice
of Si.
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Next, the NW is rotated by 13.4° to the Al [110] zone axis, resulting in the visualization
of the (111) Al planes, as shown in Figure [4.5(b). Notably, the Al-Si interface (indicated
by the dashed blue line) is no longer clearly visualized because the edge moves on after
rotation. It can be assumed that Al preferentially nucleates at the Si (111) boundary,
giving a straight junction for twin-free NWs and a "V-shape” for twined interfaces. [58]

Figure 4.5: (a) The left image shows a BF STEM image of the NW with 0° rotation. The HAADF
STEM image on the right indicates the (111) Al and Si planes when the Si region is oriented on the
[110] zone azis. The lower panel shows zoomed-in views of the Al and Si regions in this direction.
(b) Next, the NW is rotated by 13.4°. Thus, observation in the Al [110] zone axis is illustrated
in the HAADF STEM image, allowing to determine the crystal orientation of the Al. Using this
direction of observation the crystallinity of Al is revealed as shown in the zoomed-in views.

Regarding nanoelectronic device realizations, the ”V-shaped” Al-Si nanojunction does not
exhibit a significant drawback, as both facets have the same crystal orientation. Thus, in
terms of the electronic properties, no interplay is expected. However, concerning top gate
(TG) fabrication, the "V-shaped” interface needs to be taken into account, as for sufficient
gating the complete MSJ needs to be covered (cf. Section .

As previously mentioned, Al is not used in FEOL due to stress-induced voiding and void
nucleation via electromigration, or inter-diffusion, causing unwanted doping.
However, as the NW Al leads are single-crystalline, they may be more resilient to
electromigration than poly-crystalline Al contacts. In the scope of device reliability, these
concerns are important aspects to consider, which, however, are beyond the scope of the
thesis at hand.
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Chapter 4: Results and Discussion

In summary, the presented Al-Si-Al NW heterostructure is the first reported single-
elementary metal-Si junction, which provides abrupt and flat junctions. Moreover, in the
investigated MSJs, no void-formation, spiking, or electromigration was detected in con-
trast to bulk. Further, regarding device integration, the Al-Si material system promises
for symmetric effective SBHs, as further investigated in Section

® STEM and EDX analysis revealed monolithic, single-elementary, and

l void-free Al-Si MSJs based on intrinsic (112)-oriented Si NWs. Notably
after the solid-state exchange mechanism, (111) Al and Si planes at the
MSJ, as well as ”V-shaped” (111) Si twin facets, were identified.
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4.1.2 Al-Siy5Gey; Heterojunction

In the scope of the thesis at hand, NWs with different Si;_yGeyx compound ratios —
Sig.33Geg.g7, Sig.5Geg.s and Sig7Geg g — are consideredEl However, in terms of comparing
the different Al-group IV based SBFETSs, Sig5Gegs NWs are used throughout structural
and electrical characterizations due to its alignment between Si and Ge. Note that in
Section f.2.2] further details in this respect are given.

The intrinsic Sij—xGex NW growth was performed using the VLS method, facilitating
silane and germane as precursors and Au as the catalyst. The thereof obtained nominally
un-doped NWs exhibit a nominal dyw ~ 50 nm and lengths > 3pm. Attributed to using
a Si (111) substrate and selected catalyst particle size, the NWs are predominantly grown
along the (111) direction. Prior to the Sig5Geg.s NW deposition on the 40 nm thick
SigN4 membrane chip, the NWs were passivated with a 10.5nm thick ALD Al,Og shell
at T'= 474 K. Thus, providing a conformal coating of the NW core without potential Ge
pile-up caused by thermal oxidation within the semiconductor NW (cf. Section. Fi-
nally, after the fabrication of the Al source/drain pads, the solid-state exchange reaction
is initiated by RTA at T' = 773K, leading to channel lengths Lgc =~ 500nm, as illus-
trated in Figure f.6] The mean annealing rate of 33 Al-Sip 5Geg 5-Al NW heterostructures
on SisN4 membranes was evaluated to be (18 + 1)nm/s, considering Al intrusion from
both sides. Additionally, the annealing rate of 35 Al-Sip5Gegs-Al NW heterostructures
on “hexpads” was evaluated to be (5 £ 1) nm/s, approximately a factor of three slower
annealing rate compared to the exchange on the SigsNy membrane chips. In this context,
it is assumed that the higher thermal absorption of the "hexpad” causes slower annealing
rates in comparison to the SizNy membranes with a low thermal capacity. Concerning
the Al-Sip5Geps MSJ, in comparison to the Al-Si or Al-Ge interface (cf. Section m
and Section , no atomically abrupt interfaces are obtained, which may be related
to poor surface quality. Therefore, hindering the determination of a distinct crystal
orientation as shown in Figure [4.6|b).

3 The Si;_xGex NW growth was performed by Dr. Bassem Salem at Université Grenoble Alpes CNRS,
CEA/LETI Minatec, Grenoble INP, LTM, France.
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Chapter 4: Results and Discussion

Figure 4.6: (a) False-color SEM image of the investigated Al-SigsGeg5-Al NW heterostructure
analyzed on the Sis Ny membrane chip. (b) HAADF STEM images of the two opposing Al-Siy 5 Geg 5
nanojunctions.

For further clarification of the MSJ and its composition, EDX analysis is performed as
illustrated in Figure [£.7, where Si, Ge, Al, and O markers are visualized. Note that
a Si signal is also obtained outside the NW due to the underlying SizN4 membrane.
Previously published works on the Al-Si;_Gey solid-state exchange mechanism proposed
the formation of a Si-rich inter-layer between the Al- and Si;_Gex-segment.
Importantly, setting this inter-layer formation into perspective to the topic of Fermi level
pinning would allow an NW-integrable solution towards Fermi level re-pinning. Notably,
the use of inter-layers to re-pin the Fermi level was proposed in other works also, however,
on the basis of other materials, e.g., Tb or Si-nitrides. In particular, considering
Al-group IV MSJs, a Si-rich interlayer would even promote close to mid-gap Fermi level
pinning (cf. Section , desired for symmetric SBFET applications, e.g. RFETs.
However, in all investigated Al-Si;_,Ge, MSJs in the work at hand, no clear Si-rich layer
was detected, which can be partly attributed to different Sij_xGex compound ratios in
comparison to the proposed Sig g7Geg.33 in . Furthermore, in the latter work NWs with
a native oxide shell, consisting of an ~1 nm thick mixture of Al;O3 and SiOs in dependence
of the lateral NW location, and NWs with a 20 nm thick ALD AlyO3 passivation layer were
investigated. Thus, in combination with the different Si/Ge compound ratios, variances
in the passivation shell, i.e., different surface diffusion, and differences in the RTA setup
might cause the absence of the Si-rich inter-layer in the investigated NWs. Further, Conlan
et al. merely achieved a Si-rich interlayer at one MSJ, whereas the other MSJ exhibited an
Al-SiGe contact. They attributed the non-existence of the inter-layer to differences
at the NW surface.
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Importantly, observing the overlay EDX map in Figure [I.7]reveals that no Si and Ge X-ray
lines are present in the Al leads within the resolution limit of the STEM EDX setup. The
visible Al signal on and at the NW originates from the 10.5nm thick AlyO3 passivation
shell.

100 nm

Figure 4.7: EDX analysis of the corresponding Al-Siy5 Geyg.5-Al NW heterostructure analyzed in
Figure[{.0, The bottom image shows an overlay of the considered materials. Attributed to the use
of a Si3Ny membrane, a strong Si signal is extracted also outside the NW. In correspondence to

Reference , no Si-rich inter-layer is evident in the investigated MSJs.

Complementary to the non-flat MSJs of the Al-Sig5Geg5-Al NW heterostructure, shown
in Figure [1.6] additional EBIC investigations were carried out on a Al-Sip5Gegs-Al NW
heterostructure with dyw = 70nm and Lgc = 840nm. Therefore, following Figure [3.6
EBIC measurements with an e-beam acceleration voltage of 80kV were conducted, as
illustrated in Figure b,c). Prior to the in-situ STEM EBIC investigations, an I/V
characteristic, i.e., Ip vs. Vp with Vg = 0V was acquired, as shown in Figure (a).
Conducting a Vp sweep from —1V to 1V allows to analyze the MSJ symmetry as charge
carriers are injected from both MSJs in correspondence to the band bending. Thus, a
Alp = 7.8pA was evaluated, depicting the difference between the two MSJs. Conse-
quently, also a difference in the EBIC is evident as shown in Figure b,c), which,
however, allows to determine the two opposing Schottky contacts with depletion widths
of ~350 nm and ~320nm for the source- and drain-sided MSJ, respectively. Consequently,
in top gated SBFET applications, a MSJ overlap in the evaluated regime must be ensured
for efficient gating. Further, the sign of the EBIC indicates that the metal induces an
upward band bending in the semiconductor (cf. Section [2.2.2)).
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Chapter 4: Results and Discussion

Considering a higher current at the source-sided MSJ, it can be concluded that the SBH
exhibits lower values than the drain-sided MSJ. As no bias, i.e., Vp = Vg = 0V is ap-
plied, a positive and negative current contribution is induced. However, applying a bias
would lead to a distinct EBIC peak at one of the MSJs in correspondence to the applied
bias. Moreover, it needs to be considered that these variations might also be caused
by a difference in fixed oxide charges (Qs).
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Figure 4.8: (a) I/V characteristic of the proposed Al-Siy 5 Geg 5-Al NW heterostructure at ambient
conditions. The insets illustrate the band diagrams at negative and positive V. (b) EBIC data
of the Al-SiysGeys-Al NW heterostructure, obtained by STEM and EBIC overlay. (c) EBIC
linescan data is acquired by a horizontal scan on the NW. The left top inset shows the source/drain
configuration.

[ ] In conclusion, Al-Sig 5Gegs MSJs with single-elementary Al leads are

1 obtained, which, however, do not exhibit flat interfaces. Nevertheless,
no inter-diffusion of the metal and semiconductor in the observed regimes was
detected. Additional EBIC investigations revealed relatively broad
depletion regions in the range of 300 nm, which needs to be considered
for further top gated SBFET integration.
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4.1.3 Al-Ge Heterojunction

As described previously, the Al-Ge material system has been thoroughly investigated and
applied in the past. However, due to the use of germane (GeHy) precursors in most
VLS-grown Ge NWs, challenges with the formation of native oxide GexOy arise.
In particular, GexOy exhibits a relatively high density of interface trap states (Dj;) and is
unreliable due to its water solubility (cf. Section . In this respect, advances to im-
prove the Ge NW surface were driven by conformal deposition of high-x passivation shells.
In particular, ALD Al,O3 was exploited on Ge NWs, improving the transient stability of
transistor characteristics by reducing Dy and preventing further oxidation of Ge.
Nevertheless, residual Ge,Oy between the semiconductor/dielectric interface may impact
the charge carrier transport, resulting from a relatively high Dj;. Figure (a) shows a
transfer characteristic of an intrinsic (111)-oriented Ge NW grown with germane (GeHy)
as precursor, which is further integrated in an Al-Ge-Al NW top gated SBFET device.
El In addition Figure (b) depicts a similar measurement, however, using an intrinsic
(111)-oriented Ge NW, which used diphenylgermane (DPG; C12H;2Ge) as precursorEl
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Figure 4.9: Comparison of transfer characteristics of two intrinsic (111) oriented Al-Ge-Al NW
heterostructures integrated in top gated SBFETs, where (a) a germane and (b) a diphenylgermane
precursor is used for the Ge NW growth. Both SBFETs use ALD Al O3 as gate dielectric, however
with different tox. Importantly, a significant difference in the hysteresis is evident.

4The Ge NW growth with the germane precursor was performed by Dr. Alois Lugstein at the Institute
of Solid State Electronics, TU Wien, Austria.

5The Ge NW growth with the DPG precursor was performed by Dr. Sven Barth at the Physics
Institute, Goethe Universitat Frankfurt, Germany.
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Comparing the two transfer characteristics in Figure [£.9] reveals a significant difference
in the hysteresis, originating from a forward and consecutive backward Vpg-sweep. In
this respect, at Ip = 10nA, a hysteresis of 1.75V and 0.16 mV for the germane and DPG
precursor was extracted, respectively. Consequently, the SBFET using the DPG precursor
for the Ge NW growth exhibits a lower transient dependence compared to Ge NWs, that
are grown with germane. For analyzing the root cause of the difference in hysteresis,
further details regarding the Ge NW growth with DPG are discussed in the following:

The (DPG) Ge NWs were grown on (111) Ge single crystal substrates by low-pressure
CVD in a cold-wall reactor. The substrates were placed on a graphite susceptor, and the
temperature was adjusted by high-frequency heating. Before the use, the substrates were
coated with a 1nm thick Au film by sputtering. The Ge substrate was heated to 748 K
under dynamic vacuum before DPG (40 mg DPG reservoir at 295 K; process pressure
< 10mbar to 3mbar) was introduced to the CVD chamber for 20min to 30 min. The
Au seeds act as catalytic sites for the precursor decomposition. DPG decomposition in
the absence of the metal for substrate temperatures up to 774 K has not been observed,
which prevents tapering of NWs in the investigated growth temperature window of 624 K
to 774 K. Similar growth procedures using the same precursor under LPCVD conditions
have been reported in the literature. , After disconnecting the precursor supply
and a 10 min waiting period, the substrates were cooled down to RT.

The stability of the synthesized Ge NWs against degradation, such as surface oxidation
over time and the formation of reliable interfaces in post-growth processing, can be related
to surface termination with phenyl ligands originating from the precursor. Similar effects
have been described in the growth of Ge NWs using a co-feed of GeHy with GeH3CHs,
leading to a reduced tapering tendency by surface termination with alkyl ligands.
While Ge-H remains reactive and cleaves under reduced pressure, the stability of the Ge-
aryl bond passivates the NW surface. After the growth of the ~70nm thick Ge NWs, they
were conformally coated with 13.5nm thick Al,O3 by ALD at a temperature of 474 K.
Attributed to the transient stability, the DPG-grown Ge NWs are used throughout the
structural and electrical characterizations in the work at hand. However, to initiate the
metal-semiconductor solid-state exchange reaction by RTA a temperature T = 673K
in Ho/No atmosphere was applied, whereas for the germane-based Ge NWs the Al-Ge
solid-state exchange a temperature 7' = 623 K was sufficient . Further, 31 Al-Ge-
Al DPG-based NW heterostructures exhibited a mean annealing rate of (5 + 1) nm/s on
"hexpads”, considering Al intrusion from both sides. In this context, El Hajraoui et al.
determined that the annealing rate of Al-Ge NWs is diameter-dependent and follows a
parabolic behavior, with faster exchange rates for thinner NWs as a result of volume
diffusion. Figure shows the thereof obtained MSJ using the DPG-based Ge NWs.
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Figure 4.10: (a) Overview of HAADF STEM image of an Al-Ge heterojunction with DPG-based
Ge NWs. (b-¢) Zoomed-in STEM images of the Al-Ge MSJ, wherein (b), the AlyOs passivation
layer is indicated. Moreover, a flat interface is obtained between Al and (111) Ge planes, corre-
sponding to the crystal orientation of the Ge growth substrate.

As evident in Figure an abrupt and flat Al-Ge MSJ is revealed on the DPG-based
Ge NWsg, like on Ge NWs grown with a germane precursor. Notably, (111) Ge planes
in the Ge segment were identified, which are in correspondence with the (111) crystal
orientation of the growth substrate. Moreover, conformal coating of the 13.5nm thick
Al5Og3 passivation shell is verified in the observed NW segment. Further verifying the
single-elementary nature of the obtained Al-Ge MSJ, an EDX analysis is performed, iden-
tifying potential metal-semiconductor inter-diffusion or inter-metallic phases. Therefore,
Figure shows Al, Ge, and O color maps reflecting the intensity of element-specific
X-ray emission lines of the proposed MSJ.

Although DPG is used as a precursor, comparable structural properties are obtained
compared to Ge NWs grown with germane. In this context, no residual Al or
Ge atoms are evident in the observed NW regimes and within the resolution limit of the
STEM EDX system. Attributed to the AlsOs passivation shell, an Al and O signal is
acquired around the NW core. Moreover, tapering of the NW towards the Al segment is
observable, which might be caused by over-etching during the oxide removal.
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Figure 4.11: EDX analysis of a DPG-based Al-Ge MSJ with indicated Al, Ge, and O markers.
Considerably, no residual Al and Ge atoms are evident within the resolution limit of the STEM
EDX system.

In correspondence to previous investigations of Al-Ge NWs, similar results are obtained
although DPG-based Ge NWs are used, which, however, promise more transiently stable
transistors compared to germane-based Ge NWs. Notably, attributed to the intrinsic
phenyl ligand surface passivation formed during synthesis the formation of native Ge,O,
is hindered, thus enabling higher transient stability.

o STEM and EDX analysis revealed monolithic, single-elementary, and
void-free Al-Ge MSJs based on intrinsic (111)-oriented Ge NWs. Notably,
using a diphenylgermane precursor for the Ge NW growth, an in-
trinsic phenyl ligand passivation harms the Ge,O, formation and
increases the transient stability of Ge-based NW electronics. Thus enabling
further exploitation in the scope of nanoelectronics.
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4.2 Electronic Transport in Al-Group IV SBFETs

After analyzing the proposed Al-group IV MSJs from a structural point of view and
proving the formation of abrupt and single-crystalline MSJs with pure Al and group IV
semiconductor channels, this section investigates the realized top gated SBFETs (cf. Sec-
tion from an electronic transport perspective.

Notably, using the same materials, except for the semiconductor NW and gate oxide, al-
lows a comprehensive comparison of the underlying charge carrier injection and transport
in the proposed Al-group IV based SBFETSs. In this context, bias spectroscopy maps of
Ip, gm and E, are used for a better understanding of transport mechanisms and opera-
tion regimes, which cannot be visualized by single I/V measurements. In the last step,
Section [4.2.4] sets the extracted SBFET properties of the investigated material systems in
relation to each other.

In this section, the publications "Understanding the Electronic Transport of Al-Si and Al-
Ge Nanojunctions by Exploiting Temperature-Dependent Bias Spectroscopy” [RB3| (Al-
Si and Al-Ge based SBFETs), "Mapping Electronic Transport in Ge Nanowire SBFETs:
From Tunneling to NDR” [RB4] and ”"Thermionic Injection Assessment in Germanium
Nanowire Schottky Junction FETs by Means of 1D and 3D Extraction Methods” [RB1]
(Al-Ge based SBFETS) are covered.

4.2.1 Al-Si based SBFET

The properties of the obtained Al-Si MSJs are thoroughly discussed in Section from
a structural perspective. Moreover, considering the electronic Schottky properties of the
Al-Si material system (cf. Section, similar n- and p-type SBs are expected, which is
investigated in the following by using electrical characterization methodologies introduced

in Section 3.2.2

For the Al-Si based SBFETS, bottom-up grown intrinsic (112)-oriented Si NWs integrated
into a top gated SBFET architecture with Al source/drain contacts are considered. The
proposed SBFETs have a channel length Lgc &~ 1 pnm and a diameter dyw =~ 70nm. More-
over, a 9nm thick thermal SiO9 shell, acting as gate dielectric, was grown by dry thermal
oxidation. Note that the detailed fabrication process of SBFETs is discussed in Sec-
tion [3.1] whereas the Al-Si material composition is thoroughly elaborated in Section [I.1.1]
Figure shows the thereof obtained material stack, which is further considered in the
scope of the charge carrier transport investigations.
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Figure 4.12: (a) Material stack of an Al-Si based SBFET. Additionally, the electrode terminals
are indicated. The Si channel length Lsc = 1 pum. Note that the dimensions in the illustration are
not in scale. (b) False-color SEM image of an investigated Al-Si based SBFET with indicated dnvy .

As shown in Figure using an Q-shaped top gate (TG) covering the complete Si channel
and Al-Si junctions harms influences of adsorbates on the transport and ensures sufficient
electrostatic gating capabilities. Note that the back gate electrode [cf. Figure a)]
is floating if not otherwise stated, i.e., no voltage is applied to the corresponding elec-
trode. Notably, attributed to the Q2-shaped TG and the radial nature of the NW the TG
dominates the electrostatic gating (cf. Figure .

Transfer characteristics

As elaborated in Section [3:2.2] the transfer characteristics deliver important insights
into understanding the involved transport phenomena and allow the extraction of es-
sential transistor FOM. Therefore, Figure shows transfer characteristics recorded at
T = 295K by sweeping Vpg from 5V to —5V and vice versa for different Vpg rang-
ing from 0.25V to 2V. A transfer characteristic of a back gated Al-Si SBFET is shown
in Figure For better visibility only the forwards sweep from 5V to —5V is visu-
alized. Additionally, a symmetric biasing with Vp = —Vg was applied, and therefore
Vbs = Vp — Vg holds. Note that a detailed summary of the extracted values is given in
Section [4.2.4] whereas in the following the phenomenological characteristics are discussed.

As expected from the Al-Si MSJ (cf. Section a relatively symmetric behavior of the
on-currents I(r,lr{p is evident, caused by the mid Fermi level pinning in relation to the Si band
gap. [RB2] Thus, resulting in an I3 /IP ratio of 0.65 at Vpg = 1V without explicitly
introducing measures to achieve symmetry like strain engineering . Regarding the
vertical shift of the transfer characteristics of ~ — 0.4V from its vertical symmetry axis at
Ve = 0V, the history of the device as well as interface trap states need to be considered

as discussed in Section [3.2.2]
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Figure 4.13: Transfer characteristics of the Al-Si based SBFET illustrating the forwards sweep
from Virg =5V to — 5V at different Vpg ranging from 0.25V to 1 V. Measurements are acquired
at T = 295K. (*) shows a simplified illustration at Vg > Vi in the electron dominant regime.
The dotted lines depict an increase of Vrg leading to stronger band bending. (1-3) show simplified
illustrations of the Al-Si MSJ and its associated injection mechanisms (here: holes) in dependence
of Virg. Additionally, the “kink” voltage Vi, where the transport changes from TE to TFE/FE is
indicated in the I/V at Vpg = 0.25V.

First, as shown in Figure M(*) with Vpg > Vi and being positive, thus operating the
SBFET in n-type, leads to a downwards shift with increasing Vg of the semiconductor’s
energy landscape. Another important characteristic, which becomes obvious in the p-
branch (Vrg < 0V) of the transfer characteristic, is the presence of a "kink” at Vk,
indicating a change of the inverse subthreshold slope S = AVrg/Alog,o(Ip). Further,
considering the different injection mechanisms, i.e., TE and TFE/FE, labeled as (1-3)
in Figure [£.13] allows to analyze the underlying mechanisms, leading to a change of S
in the didactically marked regimes. First, as illustrated in (1), at Vpg =~ Vi, merely TE
contributes to charge carrier injection, as charge carriers (here: holes) can only be injected
by overcoming the SB due to weak band bending and insufficient SB thinning. Therefore,
tunneling, i.e., FE, cannot contribute, as the barrier is too broad. However, increasing
Vra as shown in (2), and therefore inducing stronger band bending, results in a thinning
of the SB and tunneling, i.e., TFE, contributes to the charge carrier transport. The
transition between TE and TFE/FE gets then reflected by a shallower slope at Vi. [211]
In Figure [£.13] the corresponding TE slope is indicated by the dashed light-green line,
whereas the dashed brown line illustrates the slope in the TFE/FE dominant regime.
Further, increasing Vg allows an even more efficient tunneling contribution, leading to
dominant FE of charge carriers, as illustrated in (3).
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Moreover, FE leads to an increase in the number of charge carriers in the channel, which
further enhances the band bending, favoring an even more efficient injection of charge
carriers. Notably, the TE to TFE/FE transition and the evidence of such a "kink”
was already described by theoretical investigations in the past. Further, Romer et
al. investigated the discussed charge carrier injection and electrostatic gating in SBFETSs
on the basis of physics-based models. However, observing this ”kink” in an
experimental setup requires transiently stable Si NWs, attributed to a low interface trap
state density at the Si/SiOg interface. Notably, in the n-branch, such a “kink” is not
evident, which might be caused by different tunneling effective masses of electrons and
holes and a slightly higher SBH for electrons (cf. Section .

Next, the Vpg-dependency on S, Vi, and Vk, as illustrated in Figure [£.14] is analyzed.
Investigating the inverse subthreshold slope S in the TE dominant regime of the p-
branch [light-green symbols in Figure a)] shows that SP remains relatively constant
at ~0.4V/dec. Further, proving the injection of charge carriers via TE and showing that
the device geometry does not suffer from short-channel effects, such as drain-induced bar-
rier lowering. However, analyzing the TFE/FE slopes S™ in the n- and p-branch [red and
blue symbols in Figure a), respectively], shows a decrease from S ~ 1.3V /dec at
Vps = 0.25V to ~0.6 V/dec at Vpg = 2V. Thus demonstrating that Vpg-induced band
bending leads to thinner SBs and more efficient injection of charge carriers. Addition-
ally, the acceleration path of charge carriers increases due to a higher difference in the
source/drain potentials. Analyzing the Vpg-dependency of Vi, and Vi, as shown in Fig-
ure b), reveals a decrease of |Vi| when increasing Vpg. Additionally, Vi shifts from
—2V at Vpgs =0.25V to —1.1V at Vpg = 2V. In the same manner, as discussed previ-
ously, the stronger band bending, induced by an increased Vpg as well as a higher charge
carrier concentration in the channel, leads to lower absolute Vi, and Vi values.

It is expected that the electron and hole mobilities in the n- and p-branch may impact Ip
and switching speeds. However, in the case of Si NWs with similar n- and p-type SBs, as
evident for the Al-Si and NiSiz-Si material system, and sufficiently short channel lengths
the influence of the injection barrier defines the total electronic transport mechanism.
Therefore, the SBs are further dominating over influences of the charge carrier mobility
for channel lengths of 1 pm and shorter. |55

For a fair comparison between the different Al-group IV material system SBFET FOM at
Vbs = 1V are considered, which are summarized and listed in Section [£.2.4] Nevertheless,
as proposed in Section single I/V sweep measurements do not reflect the complete
transport and operation regimes. In particular, the T-dependency, which strongly affects
TE is only partly covered. Therefore, in the next step, T-dependent bias spectroscopy is
performed.
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Figure 4.14: Vpg-dependency of the Al-Si based SBFET on (a) Inverse subthreshold slope S of
n- and p-type operation, where the S of holes in the TE regime remains relatively constant. (b) Vin
and Vx, both decrease in absolute values with increasing Vps due to stronger band bending, leading
to a more efficient injection of charge carriers. The lines serve solely as visual guides. Data are

extracted from Figure

Bias spectroscopy

As already introduced, bias spectroscopy is applied to the transfer characteristic in terms
of its T-dependency. Moreover, the transconductance gy, derived from transfer charac-
teristics, is visualized by maps to cover its bias dependency.

Starting with T-dependent transfer maps of the Al-Si based SBFET at Vpg = 1V over
T = 775K to 400K, as shown in Figure [£.15] main transport regimes and their 7-
dependencies are visualized. Notably, as considered in the initial assumption, a relatively
symmetric characteristic, with Vg = 0V being the vertical symmetry axis, is evident.
Further supporting the relative mid-gap Fermi level pinning of the Al-Si material system.
Importantly, as illustrated in the top inset of Figure at Vpg = 0V, where merely TE
contributes to charge carrier injection, distinct n- and p-type SBs are evident, which also
gets reflected by its strong temperature dependency in the range of Vprg & -2V to 2V. In
this TE-dominant regime, increasing the temperature leads to a higher portion of charge
carriers overcoming the SB, due to a higher degree of thermal excitation. Considering
Ip in strong electron and hole accumulation, i.e., |Vrg| &~ 3.5V to 5V, stable operation
regimes over the investigated temperature regime are evident.
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In this respect, due to strong band bending, which results in thinned SBs and domi-
nant charge carrier injection via FE, the electronic transport shows a weak T-dependency.
The T-independence of FE also gets reflected in the mathematical description of the FE-
associated current, elaborated in Section [2.3.1]
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Figure 4.15: T-dependent transfer characteristic map of the proposed Al-Si based SBFET at
Vps = 1V. The black curve shows the conventional transfer I/V data at T = 295K, showing
data of the horizontal dashed line. The upper inset shows the band diagram at Vpg = 0V and
Vps > 0V. The lower insets show the Al-Si MSJ at |Vpg| =5V.

Next, the transconductance g, = dIp/dVrg is derived and elaborated in terms of bias-
dependent maps. Consequently, a qualitative measure of the inverse subthreshold slope
and insight into the transport phenomena of the Al-Si material system is given. Figure[£.16]
shows the g, map extracted with Vpg ranging from 0.1V to 2V and also taking Vg
into account ranging from —5V to 5V. Note, that the temperature is kept constant at
T = 295K. Analyzing |gm| in strong accumulation (|Vpg| = 5V) reveals two important
characteristics. First, no dedicated grr;/fmax can be extracted because the SBFET is not
reaching saturation, which can be attributed to the non-optimized Si channel length and
gate oxide dimensionality. In this context, stronger band bending, induced by applying
higher Vg, would be required for saturation. However, in the proposed SBFET design, the
gate dielectric does not support higher voltages, which would lead to electrical breakdown.
In this respect, device scaling and using different high-x gate dielectrics might enable the
operation of the SBFET in saturation.
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Second, the g, map reveals asymmetric values at |Vpg| = 5V, which correlates with the
slopes in strong accumulation (cf. Vpg = 1V in Figure . Nevertheless, due to the
absence of a distinct gm_max, a steady slope is evident, which is particularly crucial for
specific applications, as e.g., amplifiers. [294]
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Figure 4.16: Vpg-dependent map of gn, of the Al-Si based SBFET with Vps ranging from 0.1V to
2V derived from transfer characteristics at T = 295K. The gray curve shows gy, data at Vpg =1V
indicated by the dashed line. The two insets schematically illustrate the injection of electrons and
holes.

Notably, the T-dependent transfer characteristic map and bias-dependent transconduc-
tance map already reveal essential transport characteristics of the Al-Si based material
system and allow the extraction of SBFET relevant FOM. In this respect, the low hys-
teresis is attributed to the high-quality, thermally grown SiO2, which is also reflected by
pulsed transfer characteristics, as shown in Figure [AZ3]

(4 Analyzing the transfer characteristic for different Vpg revealed a

l 7”kink” in the p-branch of the Al-Si based SBFET, which indicates the
transition from TE to TFE/FE in dependence of Vg and the thereof
induced band bending. Using T-dependent bias spectroscopy in terms
of Ip and gy, maps, allows to visualize the symmetric nature of the
Al-Si based SBFET, which is inhibited by single parameter sweeps only.
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Chapter 4: Results and Discussion

Output characteristics

As introduced in Section the linear output characteristics, as depicted in Fig-
ure a), allow the evaluation of the linearity and saturation properties of the underlying
devices, whereas the logarithmic output characteristic maps shown in Figure b) en-
able a didactic classification of the different injection mechanism, i.e., TE, FE, and TFE,
in dependence of T and the applied biases. Thus, output maps at distinct temperatures,
ie, T =775K, 295K and 400 K, are illustrated, covering the temperature regime of in-
terest. First, concerning the linear representations shown in Figure a) of the output
characteristics, a non-linear characteristic at low Vpg in the range between —0.5V and
0.5V is evident, indicating distinct n- and p-type SBs because of the bias-tunable energy
barriers at the junctions. With respect to Ip it can be deduced that increasing the
temperature also leads to an increase of Ip, which proves that TE is the dominating in-
jection mechanism. Moreover, it can be deduced that a lower contact resistivity becomes
evident for higher |Vrg| and higher T', which is further analyzed in Figure [1.17|(b). Note
that due to the symmetry of the Al-Si material system (cf. Figure and for better
visualization, only the I1/Vs for Vpg =0V to 5V are shown. Additionally, due to the lim-
ited Vpg (here: Vpg = —0.5V to 0.5V), saturation is not reached due to an insufficiently
high lateral electric field. Therefore, with respect to analyzing saturation, output charac-
teristics with |Vpg| up to 2V are compared for the different Al-group IV material systems
in Section (cf. Figure . Second, analyzing the output maps in Figure b)
shows that TE contribution steadily increases with increasing temperature because ther-
mally excited charge carriers are overcoming the SBs. Next, FE, which is the injection
contribution originating from the Fermi level of the metal into the semiconductor through
direct tunneling, is discussed. Here, charge carriers have minimal potential energy but
are efficiently injected at high biases (here: |Vpg| =2V and |Vrg| = 5V) due to strong
band bending and thus thinned tunneling barriers. Therefore enabling an efficient and
T-independent charge carrier injection (cf. Section . Moreover, the output maps in
Figure [£.17|(b) reveal a vertical (Vps = 0V) and a horizontal (Vg = 0V) symmetry axis,
further promoting the symmetrical nature of the Al-Si material system. In particular, at
T = 77.5K, charge carrier transport is merely possible by TFE and FE, as a high portion
of charge carriers are frozen-out and are therefore not able to overcome the SB due to a
lack of thermal excitation.

Having output I/V data over the considered temperature range (here: 77.5K to 400 K)
further allows to extract an activation energy F,, which depicts the minimal required
energy to inject charge carriers into the semiconductor. In this context, similar Eg/ P for
the injection of electrons and holes are expected, corresponding to the symmetry between
the n- and p-branch.
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Figure 4.17: Analysis of output characteristics of the Al-Si based SBFET for T = 77.5K, 295K
and 400K. (a) Linear representation of output I/Vs in the n-branch (Vig = 0V to 5V in 1V
steps). In the low Vpg-regime (Vps = —0.5V to 0.5V ), where TE dominates, a non-linear charac-
teristic is evident, indicating a distinct SB. (b) Output maps in dependence of Vrg. Additionally,
TE, TFE, and FFE regimes are didactically indicated as dominating mechanisms. The inset in the
77.5K map illustrates the injection mechanisms for electrons.

( Using bias spectroscopy in terms of output characteristic maps, allows to
visualize distinct operation regimes. In this respect, a non-linear out-
put characteristic was evaluated, indicating distinct n- and p-type SBs.
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Chapter 4: Results and Discussion

Activation energy FE,

Additional processing of the output I/V data shown in Figure allows for investiga-
tions of the activation energy E,, as elaborated in Section [2.3.2) and Section [3.2.3] Using
the discussed 3D TE model for the extraction allows to obtain Vrg-dependent activation
energies as illustrated in Figure a). Further, applying a linear fit in the TE dominant
regime (—2V < Vpg < 2V), enables the extraction of intrinsic activation energies Ef;/ P
and flat-band voltages V}?ép. Remarkably, adding the n- and p-type E, values reveals
a value of 540meV, which is close to E,(Si)/2 = 560meV. Notably, depicting a strong
indication of mid-gap Fermi level pinning to the Si band gap. Furthermore, the relation to
the Si band gap also becomes evident at the off-point (Vpg~0V), which exhibits a mean
value also close to F,(Si)/2. Thus further promoting the mid-gap Fermi level pinning to
the Si band gap exhibited by the Al-Si material system. Additionally, in terms of the
flat-band voltages the same absolute |Vrg| = 2V is extracted for the injection of electrons
and holes. As briefly introduced in Section [3.2.3] without fitting to Vpg = 0V, an E, map
in dependence on Vg and Vpg can be created as shown in Figure (b) Note that in
Figure b) the off-point is at Vpg = 1V due to the consideration of taking Vg and
Vps into account for the extraction of E,, whereas in Figure a) the interpolation to
Vps = 0V is applied (cf. Section . Importantly, the Al-Si based SBFET exhibits
positive and similar F, values for both electron and hole injection. Here, the vertical sym-
metry axis at Vpg ~ 1V is evident, which shows again values close to E4(Si)/2. However,
increasing Vra, and therefore inducing stronger band bending, thins the tunneling barriers
and a more efficient injection of charge carriers is achieved by FE, resulting in an F, in
the 10 meV-regime. In the corresponding F, map the regimes are accordingly indicated
using the relation to kgT'.

Evaluating Eg/ P corresponding to "effective” n- and p-type SBHs, reveal
similar energies required to inject electrons and holes respectively. Adding
the intrinsic E] and EP reveal values close to E,(Si)/2, indicating sim-
ilar barriers for electron and hole injection.
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Figure 4.18: Extraction of the activation energy E, using the 3D TE model. (a) Vrg-dependent
E, of three similar Al-Si based SBFETs. Additionally, Ef;/p and V;]ép are extracted in the TE-
dominant regime. (b) E, map extracted from output characteristics of a representative Al-Si based
SBFET. The highlighted regimes indicate a distinct SB (E, > kgT ), whereas for |Vrg| >0V, E,
approaches values of kgT .
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Chapter 4: Results and Discussion

4.2.2 Al-Sio_5Geo.5 based SBFET

In the following, Al-Si;_Ge, based SBFETs are investigated, whereas for the detailed
elaboration on the electronic transport Al-Sig 5Geg 5 based SBFETSs are considered (cf. Sec-
tion [4.1.2). Therefore, bottom-up grown, nominally un-doped (111)-oriented Sig.33Geq 67,
SigsGegs and Sip7Gegs NWs integrated in a top gated SBFET architecture are used.
The thereof realized SBFETs have nominal channel lengths Lgc ~ 1pm and diameters
dnw =~ 50nm. As gate dielectric a 10.5nm thick ALD Al;O3 shell was deposited. Details
regarding the structural properties of the Al-Sip 5Geg s MSJ are discussed in Section [£.1.2]
Figure shows the material stack and a false-color SEM image of an Al-Sig5Geq s
based SBFET with indicated gate and source/drain electrodes. Note that in all electrical
measurements, the BG electrode was kept floating if not otherwise stated.

(a)
Source

Top Gate

Al - Si,.Ge,. - Al
1 um

O
Back Gate

Figure 4.19: (a) Material stack of the Al-Si_xGey based SBFET. Additionally, the electrode
terminals are indicated. In the following SiysGeg.5 is investigated with a channel length Lsc =
1.1um. Note that the dimensions in the illustration are not in scale. (b) False-color SEM image
of an investigated Al-Siy5Geys based SBFET.

For comparison of the different Si;_Gey, compound ratios, the same top gated SBFET ar-
chitecture, as shown in Figure [£.19] using Si 33Geo.¢7, Sio.5Geo 5 and Sig.7Gep 3 as channel
material, was used. Therefore, allowing a fair identification of characteristic differences in
dependence of the Si/Ge ratio.

Transfer characteristics

As mentioned, Sig.33Geg.g7, Sig.5Geg.5 and Sig.7Geg.s NWs acting as semiconductor channel
material were investigated in a first step. Therefore, Figure [£.20] shows transfer charac-
teristics of the different Al-Si;_Gex based SBFETSs, where for a fair comparison the
conductivity o = (Ip/Vps) - (Lsc/Anw), with Axw = d%lw/4 -, is used instead of Ip,
taking the individual channel lengths and diameters into account.
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Figure 4.20: Transfer characteristic comparison, expressed in terms of conductivity o, of
Sip.33Geg.e7, Sip.5Geg.s and Sig.7 Geg.s NW channels integrated in individual top gated SBFETs.
Note that for a comprehensive comparison the conductivity o is used instead of the current Ip.

In comparison to the Al-Si based SBFET discussed in Section @, the Sij_Gey based
SBFETSs show a much weaker n-type characteristic (cf. Vpg > 0V). Therefore, the Ge
content needs to be considered, which causes dominant Fermi level pinning close to the
valence band as evident in Al-Ge MSJs (cf. Section [2.2.2)). Further, the on- and off-
currents (here conductivities o) of the individual Si/Ge compound ratios clearly depict
the influence of Ge: Increasing the Ge content shifts the transfer characteristic horizontally
to higher absolute values, which is attributed to the smaller band gap as well as lower E?
for higher Ge concentration. In this context, the higher source/drain leakage current,
i.e., Iog at Vpg = 0V, is essentially affected. Analyzing the steepest inverse subthreshold
slopes S in the p-branch of the individual SBFETS reveals a degradation from 0.35V /dec
of the Sip.33Gepe7 to 0.6 V/dec of the Sip7Gep s indicating dominant p-type conduction
for increased Ge-content. Notably, S™ > 1V/dec in contrast further demonstrates weak
electron conduction.

In terms of detailed charge carrier transport characteristics, the Sig5Geg.s NWs were used
because the on-currents L?I{p lay in-between the two other compound ratios and also fit
well to the pure Si and Ge NW channels integrated into the same SBFET architecture.
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Chapter 4: Results and Discussion

Applying the same characterization methodology as for the Al-Si based SBFET (cf. Sec-
tion , Figure shows Vpg-dependent transfer characteristics at T = 295K of
the Al-Sip5Geg s based SBFET. Hence, Vpg was gradually increased from 0.25V to 2V.
Again, for better visualization, only the forwards sweep direction is illustrated.

10y -
1|J-;
100n -
10n -
— 3
< p
S 1n—5
0 f
100p
j———vm=05v z
10p 4——Vps=0.75V [ 104
I—Vps=1V g
Pg—vys=15V L 10
—Vos=2V = :
100f . .DS, . ]T'29|5K
4 -2 0 2 4
Vig (V)

Figure 4.21: Transfer characteristics of an Al-Siy5Gey.s based SBFET illustrating the forwards
sweep from Vg =5V to — 5V at different Vpg ranging from 0.25V to 2V. Measurements are
acquired at T = 295K. The left and right insets show the corresponding band diagrams for hole
and electron injection, respectively.

Regarding the location of I,g in respect to Vrq, an offset of ~2V is evident, which might
be caused by using Al,O3 as gate dielectric. In this respect, residual Ge,Oy constitut-
ing an Al,O3/Ge,Oy interface further promotes a shift towards a more dominant p-type
characteristic (cf. Section . Attributed to the shift, remarkably high p-type
on-currents are achieved, highlighting the use of Sij_xGeyx as channel material for p-type
transistors. Further, investigating the Vpg-dependent inverse subthreshold slopes
S7/P and threshold voltages Vt?l/ P in the corresponding electron and hole regimes, reveals
no explicit Vpg dependency, as illustrated in Figure Notably, the Vpg independence
on the S and Vi, depicts a vital feature of the Al-Siy5Geg s based SBFET, as it allows a
versatile application in circuits. Note that SBFET FOM at Vpg = 1V are summarized in
Section [1.2.4]
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Figure 4.22: Extraction of the Vps-dependent (a) inverse subthreshold slopes S™P and (b) thresh-
old voltages Vt?l/p for electron and hole conduction of an Al-Siy5Gey.5 based SBFET.

In the next step, bias spectroscopy is used to analyze the T-dependency and to investigate
the different transport mechanisms as well as transport regimes. Therefore, the same
methodology as proposed in Section for the Al-Si based SBFET is used.

Bias spectroscopy

For the analysis of the T-dependent transport mechanisms of the proposed Al-Sig5Geg s
based SBFET, a T-dependent transfer map, as shown in Figure [£.23] is used. The tem-
perature range of 7' = 77.5 K to 400K is considered and a source/drain bias Vpg =1V is
applied. Analyzing the temperature influence on Ip reveals that from 7"~ 77.5 K to 295 K
in the p-branch (Vpg < 0V) a steady slope with ~20 mV /K towards lower Vpg with in-
creasing the temperature is visible. In other words, considering Ip ~ 100nA, at T = 77.5 K
a Vra =~ —4.25V is required, whereas at T'= 295K a Vg of ~—0.25V is required. Thus,
indicating a distinct p-type SB for temperatures up to T' = 295 K. However, further in-
creasing the temperature to 400 K shows that the T-dependency diminishes, indicating
efficient charge carrier injection caused by a high portion of thermally excited charge car-
riers overcoming the SB. In this regime, it is assumed that FE is not dominating due to
weak band bending (Vpg ~ 0.1V) and a broad SB width. The corresponding behavior is
indicated by gray-dashed lines in Figure [£.23]
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Chapter 4: Results and Discussion

However, considering the transmission probability T'(E) elaborated in Section indi-
cates that T'(F) is approaching unity and therefore leading to the observed T-independent
behavior in the temperature range from 295 K to 400 K. In regard to the off-state, a strong
T-dependency over Vg is evident, which can again be attributed to a more pronounced
Fermi level pinning closer to the valence band of Sip5Gegs and in general a smaller band
gap than of Si (cf. Table . In this context, the same temperature dependency with
~20mV /K is evident, supporting the presence of distinct n- and p-type SBs.

Attributed to a weak n-type conduction (Vpg > 0V), Ip slightly increases for increasing
the temperature, as charge carriers can only overcome the n-type SB with sufficiently high
thermal excitation.
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Figure 4.23: T-dependent transfer characteristic map of the proposed Al-Siy5Gey.s based SBFET
at Vbs = 1V. The black curve shows the conventional transfer I/V data at T = 295K, indicating
data of the horizontal dashed line. The gray-dashed lines illustrate the T-dependency in the corre-
sponding temperature regimes. The lower left and top right insets illustrate the MSJ for hole and
electron injection, respectively.

Next, the transconductance g, is visualized by means of bias spectroscopy considering
T = 295K and varying Vpg in the range of 0.1V to 2V over Vpg = =5V to 5V. As
shown in Figure the transconductance in the p-branch does not show a steady slope
towards strong hole accumulation, but exhibits a degradation of gF . In this context, such
degradation and a distinct gm—max 1S typically visible in SBFETs with distinct SBs at
specific bias conditions. In general, explaining gp,-degradation requires to distinguish
between the junction and channel resistance.
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Importantly, in the proposed Al-Sig5Gegs based SBFET at T' = 295K a high portion
of holes are efficiently injected into the semiconductor, as discussed previously. Further
allowing to conclude that the channel resistance with predominant phonon scattering is
the main resistance contributor for the proposed operation regime. Notably, the described
mechanism was also proposed for CNT-based SBFETs. Besides phonon scattering,
also surface scattering caused by a high degree of surface roughness was determined to be
responsible for g,-degradation. Attributed to the relatively higher n-type SB, merely
gm = 2.6nS at Vpg = 5V is extracted. In respect to gy, _ ., N0 saturation or degradation
is evident, resulting in a similar g, characteristic as evident for the Al-Si based SBFET.
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Figure 4.24: Vpg-dependent map of gn with Vpg ranging from 0.1V to 2V derived from transfer
characteristics at T = 295K of the Al-Siy5Geys based SBFET. The gray curve shows gn, data
at Vps = 1V indicated by the horizontal dashed line. The two insets illustrate the injection of
electrons and holes, respectively.

(] The transfer characteristics of the Al-Sig5Gegs based SBFET shows a
l predominant p-type characteristic, attributed to Fermi level pinning
closer to the valence band of Sigs5Geq s, originating from the incor-
porated Ge. Using T-dependent bias spectroscopy reveals a strong T-
dependency of the p-branch in the range of 77.5 K to 295 K, whereas
from T =295K to 400K, merely a weak T-dependency is evident.
Analyzing g, revealed a degradation in the p-branch with a distinct g5, _, ..
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Chapter 4: Results and Discussion

Output characteristics

Figure [£.25] shows linear output characteristics and maps for distinct temperatures 7' =
77.5K, 295K and 400 K. Concerning the linear output characteristics for Vpo¢ =0V to —
5V, shown in Figure a) at T = 77.5K a strong non-linearity is observed, indicating
the dominant existence of a distinct p-type SB. However, further increasing the temper-
ature shows that the output I/V curves are becoming linear, indicating a quasi-ohmic
contact between Al and Sig5Geg s for the injection of holes. Moreover, Ip increases with
elevated temperatures, which is attributed to a higher thermal excitation of charge carriers
overcoming the p-type SB. Note that output characteristics for |[Vpg| up to 2V, allowing
to investigate the saturation properties, are shown in Section [£.2.4, Analyzing the output
maps in Figure [4.25(b) shows that, again, the TE-dominant regime certainly evident at
Vre > 0V, exhibits a strong T-dependency. Thus indicating that electrons experience
a distinct SB over the complete investigated temperature range. Furthermore, increas-
ing Vpg or Vpg does not lead to sufficient band bending due to a too broad n-type SB,
preventing direct tunneling. Concerning, the p-type characteristic at Vg < 0V, efficient
injection of holes merely gets evident at T' = 295 K and remains T-independent for temper-
atures up to 400 K, as discussed previously. In terms of symmetry and in contrast to the
Al-Si based SBFET output characteristics, merely a vertical symmetry axis at Vpg =0V
is evident, due to weak n-type conduction, attributed to Fermi level pinning closer to the
valence band of Siy5Geq 5.

[ The T-dependency in the p-branch is further highlighted in the output char-

1 acteristics, where the linear I/V data at 295 K to 400 K demonstrate
quasi-ohmic junction properties. In the temperature regime from 77.5
K to 295 K a non-linear output I/V is evident, indicating a distinct
p-type SB.
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Figure 4.25: Analysis of output characteristics of the Al-Sigs5Geys based SBFET. (a) Linear
representation of output I/Vs in the p-branch (Vog =0V to —5V in 1V steps). In the low Vpg-
regime (—0.5V to 0.5V ), where TE dominates, the non-linear characteristic at 77.5K becomes
linear for increased temperatures (here: 295K and 400K). Thus, a quasi-ohmic contact for the
injection of holes is established for T > 295K. (b) Output characteristic maps in dependence of
Additionally, TE, TFE, and FE regimes are didactically

Vg at T = 77.5K,295K and 400 K.
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indicated, where the FE regime corresponds to T(E) ~ 1.
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Chapter 4: Results and Discussion

Activation energy FE,

As depicted in Figure [£:26] the activation energy FE, is extracted in the same manner
as for the Al-Si based SBFET, using the 3D TE model. Figure a) shows the Vrpg-

Vl?]ép are indicated in

dependent activation energies, where again, the intrinsic E;l/ P and
the TE-dominant regime. In respect to the intrinsic activation energies, the sum of the
n- and p-type E, results in a value of 301 meV, indicating a lower band gap than evident
in the Al-Si material system with 540 meV (cf. Section . In this context, the Ge-
content, due to the Ge’s smaller band gap, causes the decrease of both n- and p-type
FE.. Remarkably, and as already shown in the previously discussed measurements, a low
(EP =~ kpT) and even negative EP value is extracted in strong hole accumulation. Notably,
due to the closer Fermi level pinning to the valence band of the Al-Sig5Geq 5 junction and
strong band bending (Vg < —3V), resulting in thinned SBs and an efficient tunneling
contribution. Further supporting the statement of quasi-ohmic contacts for holes in the Al-
Sig.5Geg.5 material system. In this context, negative activation energies were also shown in
CNTs with Pd contacts also claiming quasi-ohmic injection of charge carriers as well
as in n-type Si contacted by Ti and in reverse-biased Ni-Ge SB diodes [72/[188]. In contrast
for the injection of electrons in strong accumulation, a positive £, > 100 meV remains for
Vre > 1V. A more detailed discussion and possible reasons, leading to negative E,
values will be discussed in Section Concerning Figure b) the Vpg-independent
injection mechanism gets highlighted in strong hole accumulation (Vrg < —3.5V), as no
significant change of F, can be indicated. In contrast, where TE dominates (E, > kpT)
a Vps- and Vpg-dependency becomes evident, as shown in Figure (b)

® EP reveals negative values in strong hole accumulation, associ-
l ated with the quasi-ohmic nature of the Al-Sig5Gegs junction for T =
295K to 400 K. In contrast, E} remains positive in the n-branch.
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Figure 4.26: Extraction of the activation energy E, using the 3D TE model. (a) Vrg-dependent
E, of four similar Al-SiysGeys based SBFETs. Additionally, E;‘/p and Vlfép are extracted in
the TE dominant regime. (b) E, map extracted from output characteristics of a representative
Al-Siy 5 Geg 5 based SBEET. The highlighted regimes indicate a distinct SB (E, > kgT) and quasi-
ohmic Schottky junctions (E, < kgT).
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Chapter 4: Results and Discussion

4.2.3 Al-Ge based SBFET

As discussed in Section bottom-up grown intrinsic (111)-oriented Ge NWs were used
for the realization of the pure Ge based SBFETs. In this respect, the technological break-
through allowing a thorough investigation of bottom-up grown Ge NWs is the use of DPG
as a growth precursor, enabling the incorporation of an intrinsic phenyl ligand surface
passivation during synthesis. Therefore, achieving sufficient transient stability for its
application in SBFETs. Figure [£.27]illustrates the used material stack and the integration
of the proposed Ge NWs into a top gated SBFET architecture. Here, Lgc = 1 pm and
dnw = 53nm. In respect to dyw, the Bohr radius of Ge (af; = 24.3nm) needs to be
taken into account, which dimensionality is in the order of the used Ge NW’s diameter.
In particular, for the evaluation of an activation energy F,, this relation is considered by
also applying the 1D Landauer-Biittiker (LB) theory for its extraction (cf. Section [2.3.2)).
As gate dielectric a 13.5nm thick ALD Al,Os is used.

(a) Top Gate
Source T

Al=Ge- Al

O
Back Gate

Figure 4.27: (a) Material stack of an Al-Ge based SBFET. Additionally, the electrode terminals
are indicated. The Ge NW channel length Lsc = 1 um. Note that the dimensions in the illustration
are not in scale. (b) False-color SEM image of a representative Al-Ge based SBFET.

In the same manner, as in the previous Al-group IV based SBFET investigations, the BG
electrode was kept floating, if not otherwise stated. Attributed to the dominance of the
Q-shaped TG, the electrostatic gating from the BG can be neglected, as illustrated in

Figure [A.8]
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Transfer characteristics

For the extraction of SBFET-related FOM the transfer characteristics in dependence on
Vbs are analyzed, as shown in Figure [£.28] Therefore, different Vpg ranging from 0.25V to
2V at T = 295K are considered, whereas Vg is swept from 5V to —5V and vice-versa.
Again, only the forward sweep is shown for better visualization. Moreover and equal to

the other investigated material systems, Vp = —Vg and Vpg = Vp — Vs.
10m = 5
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Figure 4.28: Transfer characteristics illustrating the forwards sweep from Vrg =5V to —5V at
different Vpg ranging from 0.25V to 2V. Measurements are acquired at T = 295K. The left and
right insets show the corresponding band diagrams for hole and electron injection, respectively.

As it already became evident in the Al-Si;_Ge, based SBFET, a predominant p-type
conduction occurs in the Al-Ge based SBFET, which is even more enhanced due to the
use of pure Ge as channel material. Attributed to strong Fermi level pinning close to
the valence band of the Ge band gap, merely a weak n-type conduction is observable (cf.
Section . In this context, a quasi-ohmic contact for hole injection is expected
over the complete investigated temperature operation regime. In general, the on- and off-
currents (Ip) exhibit higher values, in comparison to the other Al-group IV based SBFETS,
due to a smaller band gap of Ge with E4(Ge) = 0.66eV. Thus leading to an enhanced
injection of charge carriers via TE compared to the Si-containing channel materials. Again,
due to the use of AlyOs3, fixed charges lead to a vertical shift of the transfer characteristic,
which correlates with the Al-Sig5Geg s based SBFET (cf. Section {4.2.2)).
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Chapter 4: Results and Discussion

Attributed to a relatively high source/drain leakage current, the “kink”, indicating the
transition from TE to TFE/FE, is not clearly visible in the I/V data compared to the
Al-Si based SBFET (cf. Section [4.2.1]).

Analyzing the inverse subthreshold slopes S™P of the Al-Ge based SBFET, as shown in
Figure a), an increase of S at higher Vpg becomes evident, due to a higher portion
of charge carriers being injected by FE. Moreover, a dominant asymmetry between S™/P
is evident, which indicates different injection capabilities of electrons and holes. Notably,
this characteristic is also visible in the Vpg-dependent threshold voltages Vtrfl/ P shown in
Figure (b), where the n-branch exhibits significantly higher values compared to the
p-branch. Note that V{j, is further increased due to the vertical shift of the transfer char-
acteristic. Nevertheless, at Vpg = 1.5V and 2V a contrary behavior between electron
and hole transport becomes evident. Concerning n-type operation, a decrease of Vi, is
observable due to an increased portion of charge carriers being injected via FE, whereas in
the p-branch V;} remains relatively constant over the observed regime, further indicating
quasi-ohmic junctions for hole injection.

—_—
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Figure 4.29: Extraction of the Vps-dependent (a) inverse subthreshold slopes S™'P and (b) thresh-
old voltages Vtrfl/p for electron and hole conduction of an Al-Ge based SBFET.
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In a next step, Figure a) shows conventional T-dependent transfer characteristics at
Vbs = 1 V. Due to the dominance of the p-branch, specific aspects in the hole conduction
regime are considered in the following. Attributed to an effective charge carrier freeze-out
at T = 775K an IP /I,g of more than eight orders of magnitude is evident. Further,
upon heating, I,g is significantly increasing from 70fA at T = 77.5 K, which is the noise
floor of the used measurement equipment, to 30nA at 400 K. Thus depicting an increase
of six orders of magnitude higher charge carrier concentration in the channel, reducing
SP significantly, as shown in Figure m(b) Furthermore, this leads to a shift of the
threshold voltage V;} as illustrated in Figure c¢). Concerning the on-current I? in the
respective p-type regime [cf. inset in Figure m(a)], up to RT Ip increases due to a higher
thermal excitation of charge carriers overcoming the SB. However, further increasing the
temperature leads to a decrease of IP , which indicates that the junction resistance of the
SB becomes less significant in comparison to the Ge channel resistance. Thus, I changes
from 33pA at T = 225K to 24pA at T = 400K. In this context, phonon scattering
is assumed to be the dominant mechanism in the semiconductor channel contributing to
the total resistance. Moreover, the observed temperature dependency in the p-type
regime is a strong indicator for a thinned SB with a high tunneling probability and thus
constituting a quasi-ohmic, i.e., highly transparent junction for the injection of holes.

In contrast, I7} of the n-branch shows a steady increase from 10 pA at 7' = 77.5 K to 80nA
at T'= 400 K, indicating a distinct SB for electrons. Thus, TE-limited injection with the
contact resistance being the dominant contributor to the total resistance is expected.

In terms of the hysteresis, and in particular considering the use of DPG, transfer charac-
teristics acquired under Vpg-pulsed conditions exhibited remarkably low hysteresis values
over the investigated temperature regime (cf. Figure|A.9).

[ ] In comparison to the Al-Si;_Gey based SBFET, the predominant p-type

l characteristic is even more enhanced in the Al-Ge material system,
due to strong Fermi level pinning close to the valence band of Ge.
Notably, quasi-ohmic contacts for the injection of holes are evident
in the temperature regime between 77.5 K and 400 K. In the relatively weak
n-branch, TE dominates the characteristic.
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Figure 4.30: (a) T-dependent transfer characteristics for temperatures ranging from 77.5K to
400K. The inset shows the temperature dependency on I in strong hole accumulation (Vrg =
—5V to —2.5V). T-dependency of (b) SP and of (¢) V}}, for hole conduction showing an exponential
and cubic fit, respectively.

Bias spectroscopy

Attributed to the used DPG precursor for the growth of the proposed Ge NWs, tran-
siently stable SBFETs are obtained, allowing investigations by means of bias spectroscopy.
Therefore, Figure [£.31] shows the T-dependent transfer map of the Al-Ge based SBFET
at Vpg = 1V in the temperature range of 77.5K to 400 K. In correspondence to Fig-
ure m(a), a strong temperature dependency in the n-branch becomes evident due to
the reduced band gap of Ge in comparison to Si or Sig5Gegs as well as dominant Fermi
level pinning close to the valence band of Ge. Notably, in the p-branch a relatively T-
stable Ip is visible, attributed to an efficient injection of charge carriers (here: holes),
resulting from the quasi-ohmic contact properties of the Al-Ge junction. Similarly to the
Al-Sip 5Geg 5, a slope of ~7mV /K becomes evident between the two regimes. Notably, ex-
hibiting a significantly weaker T-dependency in comparison to the Al-Sip5Geg s material
system (~20mV /K), due to a more enhanced Fermi level pinning close to the valence band
of Ge. In general, this indicates two distinctly different injection capabilities for electrons
and holes.
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Figure 4.31: T-dependent transfer characteristic map of the proposed Al-Ge based SBFET at
Vbs = 1 V. The black curve shows the conventional transfer 1I/V data at T = 295K, illustrating
data of the horizontal dashed line. The low right and top left insets schematically depict the MSJ
for hole and electron injection, respectively.

Next, as illustrated in Figure [£:32] the bias-dependent transconductance gy, map at T =
295 K is analyzed. Attributed to the pure Ge channel, again, a degradation in the p-branch
is evident, which results from the dominance of the channel resistance and its associated
phonon scattering for the injection and transport of holes. Thus, depicting a sig-
nificant identification of a quasi-ohmic contact at T = 295K. In particular, increasing
Vpg and further thinning the SB leads to a significant ¢ degradation. Attributed to the
weak n-type characteristic, occurring in consequence of a relatively high n-type SB, gn,
merely reaches a value of 2.6 nS at Vg = 5V. In general, higher gy, values are reached in
the p-branch of the Al-Ge SBFET (~2.4puS at Vpg = —5V) compared to the Al-Si based
SBFET with a value of 1.3 1S at the same bias conditions.
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Figure 4.32: Vpg-dependent map of gn, with Vps ranging from 0.1V to 2V derived from transfer
characteristics at T = 295 K of the Al-Ge based SBFET. The gray curve shows gy, data at Vpg =1V
indicated by the horizontal dashed line. The two insets illustrate the injection of electrons and holes,
respectively.

Further investigating the assumption of quasi-ohmic contacts, the g, degradation in strong
hole accumulation is analyzed by a T-dependent g,, map, as shown in Figure [£.33] Re-
markably, in the proposed Al-Ge based SBFET, the degradation appears to be bias- and
T-independent in case of strong hole accumulation. This is contrary to other SBFET
realizations with distinct SBs, where g, except for applying high Vpg, is continuously
enhanced for an increasing Vpg. Therefore, besides phonon scattering, a saturation
of hole injection due to strong Fermi level pinning close to the valence band of Ge ap-
pears to be a dominant factor. Moreover, it becomes evident, that ¢g¥ . becomes lower
with increased temperatures, which can be attributed to a decreasing scattering mean
free path, i.e., reduced phonon scattering at lower temperatures. Notably, the decrease
of g% . follows a quadratic increase with increasing temperature, as illustrated in the
inset of Figure [4.33

(] Investigating the transconductance g,, by means of bias spectroscopy

l showed a degradation and the exhibition of a gb | = in strong hole
accumulation. This effect can be attributed to the quasi-ohmic contact
properties over the investigated temperature range of 77.5 K to 400 K.
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Figure 4.33: T-dependent map of gn with temperatures ranging from 77.5K to 400K at Vpg =
1V. Additionally, gy data at T = 77.5K, 295K and 400K are shown. The top right inset depicts
a quadratic decrease of g-,_ ... for increased temperatures.

Output characteristics

Assessing the different injection mechanisms, linear output characteristics, and maps at
T ="775K, 295K and 400 K, are used, as illustrated in Figure [£.34] For the acquisition of
the data, Vpg = —2V to 2V and Vpg = =5V to 5V sweeps are considered. With respect
to the determination of quasi-ohmic contacts, the linear output characteristics shown in
Figure a) provide an essential indication of the proposed transparency of the junction.
Notably, over the considered T-range, a purely linear 1/V characteristic in the low Vpg
range of —0.5V to 0.5V becomes evident, which strongly indicates a quasi-ohmic junction
and allows the assumption of a non-existent SB for the injection of holes over the investi-
gated temperature range. Correlating to the T-dependent transfer characteristics, shown
in Figure Ip decreases for increasing the temperature, which is associated with the
dominance of the Ge channel’s resistance. For the analysis of the saturation properties,
output characteristics for |Vpg| ranging up to 2V are discussed in Section m

Analyzing the output maps, illustrated in Figure M(b), allows to distinguish between
two cases associated with electron and hole injection. First, in the n-branch at Vpg > 0V,
where a distinct SB is evident, the junction resistance dominates the total resistance. Thus,
TE limits the overall transport. Second, as evident for the injection of holes at Vprg < 0V,
where a quasi-ohmic and transparent junction is evident, FE limits the transport. Conse-
quently, the different transport regimes, TE, TFE, and FE, can be didactically determined.
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Chapter 4: Results and Discussion

Comparing the output maps of the selected temperatures shows that a T-increase from
RT to 400K leads to a strong Ip increase in the TE regime, whereas in the TFE and
FE regimes, Ip remains relatively stable. In relation to the described n- and p-type SBs,
the observed characteristic correlates well, as the n-type SB is substantially higher than
for holes and therefore shows a significant T-dependency. In contrast, the p-type SB, due
to its transmission probability close to unity, does not show a 7T-dependency, which is
characteristic of FE-dominant charge carrier injection.
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Figure 4.34: Analysis of output characteristics of the Al-Ge based SBFET. (a) Linear represen-
tation of the output I/V in the p-branch (Vrg =0V to —5V in 1V steps). In the low Vpg-regime
(—0.5V to 0.5V), where TE dominates, a linear characteristic is evident, indicating a transparent
SB for the injection of holes. (b) Output characteristic maps in dependence of Vrg at T = T7.5K,
295K and 400K. Additionally, TE, TFE, and FE regimes are didactically indicated.
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The quasi-ohmic contact for the injection of holes in the Al-Ge MSJ
is further highlighted by the linearity of the output I/V data over

the investigated temperature regime of 77.5 K to 400 K.
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Chapter 4: Results and Discussion

Activation energy FE,

In the following, the activation energy F, is extracted using the 3D TE model approach,
which was also used for investigations in the previously discussed material systems. How-
ever, due to the fact that dyw of the used Ge NWs (~50 nm) is in the order of the atomic
Bohr radius af; of Ge (24.3nm), the 1D Landauer-Biittiker (LB) theory is applied for the
investigation of F, as well. Note that a thorough discussion from a theoretical point of
view is given in Section [2.3.2]

In the first step, the obtained results extracted, using the 3D TE model are discussed.
Figure a) shows the Vpg-dependent E, results. In accordance with the previously
discussed quasi-ohmic p-type junction, near-zero and even negative F, values are evident in
hole accumulation, where Vo = —2V to — 5V. Notably, reconsidering the T-dependent
transfer characteristic shown in Figure a), the increase of temperature resulted in
a decrease of the hole current IP , supporting the observed behavior in Figure a).
Additionally, considering the positive slope m of the underlying Arrhenius plot (cf. Sec-
tion in strong hole accumulation indicates that the channel resistance is limiting
the total current and the Al-Ge junction is transparent for holes. In contrast, in the elec-
tron dominant regime a positive barrier from Vrg =3V to 5V is evident. Following the
assumption that electrons experience a distinct SB that is close to Eg(Ge) (~0.66€V), at
the intrinsic point (Vpg =~ 2V), an E, value close to the band gap of bulk Ge is extracted.
Thus, proving the suitability of the 3D TE model in the TE-dominant regime. Therefore,
the intrinsic E;r;/ P and V;ép values are extracted by linear fitting in this regime.
Analyzing Figure [£.35(b) shows that the transparent regime in comparison to the Al-
Sig.5Gegs based SBFET gets extended and starts at Vpg < 0V due to stronger Fermi
level pinning close to the valence band of Ge. In this respect, a change in Vg and Vpg
does not significantly influence F,.
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Figure 4.35: Extraction of the activation energy E, using the 3D TE model. (a) Virg-dependent
E, of three similar Al-Ge based SBFETs. Additionally, E;l/p and V}?ép are extracted in the TE-
dominant regime. (b) E, map extracted from output characteristics of a representative Al-Ge based
SBFET. The highlighted regimes indicate a distinct SB (E, > kgT) and transparent Schottky
junctions (E, << kpT).

1D Landauer Biittiker theory

As mentioned in the introduction of this section, the 1D LB model was applied to the Al-
Ge based SBFETS as well, which theoretical considerations are elaborated in Section [2.3.2]
In the past, the 1D LB model was verified by numerical device simulations on CNT and
NW FETs, proving its feasibility for the extraction of an activation energy. ,

In this respect, Figure shows the experimental approach for the derivation of the
1D activation energy. In the first step, as shown in Figure a), T-dependent transfer
characteristics at different Vpg are extracted, which build the base for the investigations.
Reconsidering the basic 1D LB equation introduced in Section and applying the
natural logarithm as well as performing some rearrangements leads to Equation .

In <];Z]3> =~ kBLT [ng(VGs — VEB) — Ea + nqVps], (4.1)
where E, can be obtained by applying the following methodology. After the acquisition of
the T-dependent transfer characteristics at different Vpg [cf. Figure a)], an Arrhenius
plot with In(Ip/T) vs. 1/T is created, as shown in Figure [4.36[b). Next the slope of the
obtained Arrhenius plot, i.e., &« = 9[In(Ip/T)]/0(1/T) is calculated for the different Vg
data points and for each Vpg, as illustrated in Figure c).
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Lastly, by obtaining a value a|y;4—0 for each Vg an energy function related to the applied
bias and F, is extracted, where E, = —(kgf)/q. Thus, allowing to plot E, vs. Vg as
illustrated in Figure d). In the same manner as for the 3D TE model, the intrinsic

E;l/ P and flat-band voltage V;ép is estimated in the corresponding TE regime.
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Figure 4.36: Euxtraction of E, via 1D LB theory. (a) T-dependent transfer characteristic at
Vb = 0.1V. (b) Arrhenius plot derived from Equation at Vp = 0.1V and for representative
Vrg values. (c¢) Extracted slopes vs. Vp obtained from the Arrhenius plot. (d) Virg-dependent
E, plot. Additionally, the extracted n- and p-type E, and Vep in the TE dominate regime are
indicated. Note that data in (b) and (c¢) show data corresponding to the n- and p-type subthreshold
regime. Images from [RB1].
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Finally, the F, extraction methodologies, i.e., 3D TE and 1D LB, are compared in Fig-
ure where distinct differences can be identified. For the analysis, four individual
Al-Ge based SBFETs were considered, resulting in the indicated standard deviation bars,
whereas the table in the inset states the mean values. Notably, using transfer characteris-
tics at different Vpg as the underlying dataset allows a higher resolution for the determina-
tion of the TE-dominant regime. In terms of the negative F, in strong hole accumulation,
the 3D TE methodology leads to higher negative values compared to the 1D LB model.
With respect to the interpolation to Vpg = 0V, the 1D LB model explicitly considers
electrostatic gating with the slope = —(q¢Ea)/kB +q/kB [ng(Vrg — ViB)], whereas in the
3D TE model the slope m = —E,/kp. At Vpg = 5V, where the injection and transport
of electrons dominate, also a lower E, is extracted by the 3D TE model. However, at the
off-point (Vrg =~ 2V), where the Al-Ge based SBFET is operated in the TE-dominant
regime and no electrostatic gating effects are evident, the 3D TE model provides a more
accurate value close to the band gap energy of Ge. Notably, further confirming the close
Fermi level pinning close to the valence band of Ge. In this respect, an applicable sanity
check is to sum up the extracted intrinsic n- and p-type E;l/ P to check if they equalize
to the band gap of Ge with Ey(Ge) = 0.66eV. Considering the mean values of four sim-
ilar SBFETs (cf. table in Figure , a AFE, being the difference to Ey(Ge) in bulk, of
395 meV and 210meV for the 3D TE and 1D LB model, respectively, is extracted, further
highlighting better suitability of the 1D LB model for NW applications with dxw in the
order of the atomic Bohr radius a;. Note that for a precise determination of AE, also
the fact of an increased E; needs to be considered in the case of quantum confinement (cf.

Section .

In conclusion, the following differences between the 3D TE and 1D LB model can be
identified, leading to the observed differences in Figure [4.37}

e The 3D TE model has a T? dependency, whereas the 1D LB model relies on a linear
T dependency.

e In the 3D TE model only Vpg is considered and Vpg is implied within E,. In
contrast, the 1D LB model thoroughly considers Vpg and Vg in the derivation of
E,.

e The 3D TE model assumes injection from a 3D metal into a 3D semiconductor,
whereas for NW applications the injection from a 3D metal into a quasi-1D semi-
conductor is performed.

In terms of applications, the transparent MSJ properties of the Al-Ge material system are

beneficial to the realization of superconductor-semiconductor devices, as for example
used in Al-Ge-Al heterojunction based JJ-FETs.
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3DTE 1D LB

Figure 4.37: Comparison of the Vrg-dependent E, extracted by 3D TE (gray) and 1D LB (red)
theory of the Al-Ge based SBFET. The table shows the extracted values from the TE dominant
regime of four similar devices as shown in Figure [[.30. The black arrows illustrate the relative
difference between 3D TE and 1D LB at dedicated points of interest. Image from [RB1].

[ For the analysis of the activation energy, the 3D TE model as well

l as the 1D LB model were used, which both show negative E, values
in strong hole accumulation, further promoting the presence of a quasi-
ohmic contact for the injection of holes. As the investigated Al-Ge based
SBFETs use Ge NWs, whose diameter dyw is in the order of Ge’s
atomic Bohr radius aj, the 1D LB model provided more accurate
values in comparison to the 3D TE model.
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4.2.4 Comparison of Al-group IV based SBFETs

Finally, as already introduced in the discussion of the individual Al-group IV based
SBFETSs, the following covers a thorough comparison of the extracted SBFET FOM intro-
duced in Section[3.2.2] In this respect, the Al-Si, Al-Sip5Geg 5, and Al-Ge based SBFET’s
transfer characteristics (here conductivity o instead Ip) are illustrated in Figure [£.38(a),
where specific properties become evident. Note that Vpg = 1V, T = 295K and only the
forwards sweep from Vrg =5V to — 5V is considered.
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Figure 4.38: (a) Transfer characteristics comparison of the investigated Al-group IV based
SBFETs. The transfer 1/Vs are expressed in terms of the conductivity o, taking the channel’s
individual dimensionality into account. (b) Comparison of If;r{l” and I,g normalized to the indi-
vidual dyw of the investigated SBFETs. (c¢) Analysis of the I3, /ID  ratio and I(I;,{p/loﬁ ratios of
the investigated Al-group IV based SBFETs. The horizontal green bar indicates an ideal I3, /I
symmetry of unity.

Due to certain differences between the n- and p-type branch, Figure b) visualizes the
normalized If,‘r{p /dnw and Iog/dnw of the individual Al-group IV SBFETS, where in par-
ticular an increase of Iog and IP is observable for SBFETs with Ge content. First, the off-
current of the Al-Sig5Geg s and Al-Ge based SBFET increases due to higher source/drain
leakage caused by the smaller band gap of Ge in comparison to Si. The smaller band
gap also gets reflected comparing I2, of the Al-Sip 5Geg s and Al-Ge based SBFET, which
increases for the pure Ge channel, although a distinct n-type SB is evident. Further, I
is enhanced with increasing Ge content, due to its dominant Fermi level pinning close to
the valence band, favoring the injection of holes.

131



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

Chapter 4: Results and Discussion

Next, Figure c) illustrates the ratios between the n- and p-type on-currents as well
as sets them into perspective to the off-current. In this context, the relatively mid-gap
Fermi level pinning of the Al-Si material system is reflected by obtaining an IZ, /IP close
to unity, whereas the Al-Sig5Gegs and Al-Ge based SBFETs show a clear favoring of
p-type conduction. Moreover, due to the larger band gap of Si, the Iéll{p /Lo ratios of the
Al-Si based SBFET exhibit higher values in comparison to SBFETs with Ge content. In
this respect, Zhao et al. formulated an approximation that reflects the Io,/I.g ratio in
correspondence to E, [cf. Equation ] [301]

Ion
Ioff

~ %exp(Eg /(2ksT)) (4.2)

Consequently, by the selection of the channel material the I, /I,g ratio can be tuned.
With respect to the I2, /IP ratio, the Al-Si based SBFET shows a remarkable symmetry
close to unity without the implementation of additional measures. Therefore, the Al-Si
material system is promising for reconfigurable field-effect transistor (RFET) applications.
Nevertheless, other parameters (cf. Section , such as for example thfl/ P need to be
taken into account as well.

Next, linear output characteristics are compared for a comprehensive and complete un-
derstanding of the saturation properties of the individual Al-group IV based SBFETs.
Therefore, Figure m shows output characteristics on the linear Iy axis for |Vpg| ranging
up to 2V in n- and p-type operation. As discussed in Section [£.2.1] saturation in the Al-Si
based SBFET is not reached due to non-optimized geometries, i.e., channel length and
gate dielectric. In contrast, analyzing the p-type operation of the Al-Siy5Geg s and Al-Ge
based SBFET indicates operation towards saturation, attributed to its strong Fermi level
pinning properties close to the valence band of Ge and Sig5Geg s band gap. However, in
n-type operation the V;y shift towards p-type operation becomes evident with relatively
high currents for the Al-Ge based SBFET at Vrg =~ 0V.
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Figure 4.39: Output characteristics comparison of the investigated Al-group IV based SBFETs.
The left-hand column shows 1/Vs of the p-type operation (Vs =0V to —2V and Vg < 0V),
whereas the right-hand column illustrates I1/Vs of the n-type operation (Vps = 0V to 2V and
Vra = 0V) of the individual material systems. Attributed to the Vi shift in the Al-Sip5Geys and
Al-Ge based SBFETS, a relatively high I is measured for Vog = 0V. Due to strong Fermi level
pinning close to the valence band in the Ge-based SBFETs tendencies of saturation become evident
in p-type operation.

Table summarizes the already discussed and extracted Al-group IV SBFET FOM
(cf. Section [3.2.2). Therefore, relevant parameters extracted from transfer characteristics
and the thereof derived maximum transconductance g&, . . as well as intrinsic activation

and flat-band voltages Vb:lép are listed.
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Note that due to the absence of a gy, degradation in the Al-Si based SBFET and in the
n-branch of the Al-Sip5Geg 5 as well as Al-Ge based SBFET, ¢gb _ is only listed for the
p-branch of the Al-Sig5Geg s and Al-Ge based SBFETS, as they are operated in saturation
and consequently exhibit a ¢gP degradation.
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Al-Si SBFET | Al-Sig5Geos; SBFET | Al-Ge SBFET
Parameter (Section (Section (Section
dyw (nm) 70 60 53
Lsc (pm) 1 1.1 1
n/p 5001A /765 nA 2.3nA/2 A 48nA /35 pA
(nA/pm) 7/11 38 x 1073/33.3 0.9/660
Lo 600 fA 14pA 7nA
(1A /pm) 8.5 x 1076 233 x 1076 132 x 1076
I* /IP ratio 0.65 1.2 x 1073 1.4 %1073
%P /1,4 ratio 0.8 x 10%/1.3 x 10° 164.3/143 x 103 6.9/5 x 103
VP (V) 3.9/—4.1 3.5/—3.3 3.4/0.5
Hysteresis"/P (V) 0.02/0.04 0.7/2 0.16/0.65
S™/P (V /dec) 0.3/0.2 0.5/0.4 1.8/0.6
g/P f @ /490 nS “/4.478
(nS/nm) /8.2 /83
b 300/ 240 5| i
W e T
Table 4.1: Comparison of figures of merits (FOM) of the investigated Al-group IV SBFETs,

extracted from transfer characteristics with Vog =5V to —5V. Additionally, the parameters were
extracted at Vps = 1V and T = 295 K.

“ As the SBFET is not operated in saturation, no gm-max can be extracted for the Al-Si based SBFET

and for the n-branch of the Al-Sig.5Geg.5 as well as Al-Ge based SBFET.
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With respect to the maximum transconductance grr;/fmax, as discussed previously, only

for the Al-Sig5Geg s and Al-Ge based SBFET values in the p-branch could be extracted.
Notably, the Al-Ge based SBFET exhibits one order of magnitude higher gb _ .= com-
pared to the Al-Siy5Gegs based SBFET, which can be attributed to the dominant p-type
conduction caused by the strong Fermi level pinning close to the valence band of Ge. More-
over, gb .. is exhibited at Vg = —3.75V and at Vg = —1.2V for the Al-Sip5Geg
and Al-Ge based SBFET, respectively, indicating that the ¢? degradation for pure Ge
occurs at a lower Vg, which also correlates with the investigated E, map of the Al-Ge
based SBFET shown in Figure [£.35]
Next, Vtrfl/ P of the Al-group IV SBFETs are considered. Again, the relatively high sym-
metry between the n- and p-type operation regimes of the Al-Si based SBFET becomes
evident. Notably, also the Al-Sig5Geg 5 based SBET shows a considerable symmetry with
i = 3.5V and V) = —3.3V. In contrast, the Al-Ge-based SBFET exhibits a high
asymmetry, which can be majorly attributed to a dominant horizontal shift of the trans-
fer characteristic (cf. Section [2.1.3). Further, considering the hysteresis, as illustrated
in Figure b), the superior quality of the Si/SiOy interface becomes evident with a
minimal hysteresis in the 10 mV-regime. Considerably, the Al-Ge based SBFET shows
a better hysteresis performance than the Al-Sigp5Gegs based SBFET, due to the use of
DPG for the Ge NW growth (cf. Section , whereas for the Sig5Geps NW growth
a combination of silane and germane was used. Thus, the existence of native Ge,Oy
cannot be excluded for the Al-Sig5Geg s based SBFET, leading to a significantly higher
hysteresis. Regarding the inverse subthreshold slopes S™P, all Al-group IV based SBFETSs
showed S™ > SP because the activation energy E}' is higher compared to EP. Notably,
S1/P has a high symmetry in the Al-Si based SBFET with values of a few 100 mV /dec.
Moreover, the Al-Sig5Gegs based SBFET exhibits a distinct symmetry, however, with
higher values, which might be attributed to residual Ge,Oy between the Sip5Geg 5/Al203
interface. In contrast, analyzing S™P of the Al-Ge based SBFET shows a high asymme-
try, with S™ = 1.8 V/dec, indicating weak electron transport properties which correlate
with the strong Fermi level pinning close to the valence band. Finally, comparing the
intrinsic activation energies E;l/ P as shown in Figure (c), the high asymmetry of the
Al-Ge based SBFET becomes evident, with a substantially higher n-type SB compared to
the p-type SB. Notably, incorporating Ge, as shown for the Al-Sig5Geg s based SBFET,
the band gap becomes smaller in comparison to the Al-Si material system. Moreover,
a relatively high symmetry of Ef;/ P is existent, which highlights the potential use of Al-
Sig.5Geg.5 in nanoelectronic applications, requiring same injection capabilities. However,
due to the potential existence of GexOy, the symmetry gets degraded in the Al-Sip5Geg s
based SBFET.
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Concerning the flat-band voltages V}?ép in Figure d), once more reveals the symmetric
nature of the Al-Si material system, whereas Vg of the Al-Sig5Gegs and Al-Ge based
SBFET increases, due to a substantially higher n-type SB in the Al-Sip5Gegs and Al-Ge
based SBFETs. Thus, requiring a higher bias for the establishment of the flat-band con-
dition. In contrast, V{5 decreases with increasing Ge content, attributed to the reduction
of the p-type SB.
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Figure 4.40: Illustration of FOMs in terms of absolute values of (a) Vtr}ll/p, (b) Hysteresis™/?, (c)

EYP and (d) VFnép of the investigated Al-group IV based SBFETs. The red and blue bars indicate
n- and p-type operation, respectively.

Reconsidering the research questions stated in Section now allows to derive certain
nanoelectronic applications, whereas the high symmetric nature of the Al-Si based SBFET
can be facilitated for the realization of RFETSs and logic applications. Further, the method-
ology of bias spectroscopy can be applied to Al-Ge based SBFETs, which are used for NDR
devices, to thoroughly investigate NDR, operation regimes.

As the investigated Al-Sig5Geg.s based SBFET architecture still needs further engineering,
no dedicated applications are derived in the scope of the thesis at hand.
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Al-Si based SBFET:

The Al-Si based SBFET exhibits distinct symmetric properties
in terms of I3 /1P , |Vtrfl/p\ and S™P. Further, the Iélr{p/fog ratio in the
108-regime, exhibits a ~three orders of magnitude higher value than SBFETs
with incorporated Ge. Additionally, the Si/SiOy promotes low hysteresis
values in the 10 mV-regime. Consequently, allowing the implementation
of RFETs on the base of the Al-Si material system.

Al-Ge based SBFET:

The Al-Ge based SBFET exhibits a high asymmetry favoring p-type
operation, supporting its application in p-type transistors. Nevertheless, due
to the intrinsic exhibition of NDR in Ge, the Al-Ge based SBFET
allows for the realization of NDR based devices. Further, utilizing
T-dependent bias spectroscopy enables a thorough investigation of the
NDR’s operation regimes.
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4.3 Towards Al-Si Electronics

Attributed to the symmetric nature in terms of I, /I and Vf}ll/ P evident in Al-Si based
SBFETS, as presented in Section the material system provides a suitable platform
for the realization of RFETs and associated logic gates.

This section is organized as follows: First, Section [£:3.1] presents the first-ever Al-Si based
RFET, which is elaborated in detail considering the involved charge carrier transport
mechanisms as well as setting relevant FOM in perspective to state-of-the-art Si- and Ge-
based RFETs. Next, Section discusses basic logic gates realized with the proposed
Al-Si based RFET.

In this section, the publications "Reconfigurable Complementary and Combinational Logic
Based on Monolithic and Single-Crystalline Al-Si Heterostructures” [RB5] and "Nanoscale
Reconfigurable Si Transistors: From Wires to Sheets and Unto Multi-Wire Channels”
[RB6] are covered.

4.3.1 Realization of an Al-Si RFET

The base of the proposed Al-Si based RFET is the same nominally (112)-oriented and
un-doped Si NWs, which were already considered in the previous structural and electrical
investigations (cf. Section and Section [4.2.1)). Note that the functional mecha-
nism and requirements of RFETs are elaborated in Section The Si NWs exhibit
a diameter dyw ~ 80nm and are en-wrapped in a ~9nm thick thermally-grown SiOo
shell. Again, the thermally induced solid-state exchange reaction to obtain an Al-Si-Al
NW heterostructure was performed at T'= 773 K by RTA. Thus, providing the necessary
single-elementary metal contacts and abrupt MSJs (cf. Section . Moreover, as pro-
posed in Section the used Al-Si material system does not make use of additional
measures, such as e.g., strain engineering or doping to achieve a relatively high symmetry
in terms of the n- and p-type on-currents as well as threshold voltages.

For RFET integration, the Al-Si-Al NW heterostructure with a channel length of Lgc =
1.5 pm is embedded in a three-gate architecture, allowing for enhanced functionality com-
pared to a conventional FET. Attributed to the use of polarity gate (PG) electrodes, which
are placed directly atop the abrupt Al-Si MSJs, reconfigurability between n- and p-type
operation as well as efficient suppression of I, is achieved [cf. Figure[4.41|(b,c)]. Applying
a positive Vpa bias allows the injection of electrons and the blocking of holes. In contrast,
a negative Vpg leads to predominant hole conduction, i.e., p-type operation of the RFET.
Consequently, the device operation can be altered between n- and p-type operation in a
single transistor and even during run-time. In correspondence to conventional FETs, the
control gate (CG) allows for tuning of the semiconductor energy landscape, resulting in
an adjustment of the charge carrier density in the channel and further enables to turn the
transistor on or off by applying a corresponding bias V.
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In this context, the CG introduces or suppresses, respectively, an additional potential bar-
rier in the semiconductor channel.

Figure 4.41|(a) shows a SEM image of the fabricated and investigated Al-Si based RFET.
Using a NW and the proposed three-gate architecture allows for efficient gate-tunability
by placing the Q-shaped CG top gate electrode in between the Q-shaped PG electrodes,
which are directly placed atop the two MSJs. Consequently, the CG couples directly to the
semiconductor active region and avoids capacitive coupling to the Schottky junctions.
Moreover, the two PGs are electrically connected, supporting the realization of a symmet-
ric device architecture. Further, reducing complexity as well as enabling low off-currents
in comparison to asymmetric biasing of the PG electrodes. Nevertheless, independently
biasing the PG electrodes might lead to more symmetric I(r,lr{p with drawbacks of reduced
on-currents and an increased signal wiring overhead. In terms of scaling, self-aligned pro-
cesses have already been shown for the fabrication of RFETs, simplifying device fabrication
and promoting down-scaling.

Figure d) shows n- and p-type transfer characteristics with Vpg = 5V and -5V,
respectively. The corresponding simplified band diagrams for electron and hole conduc-
tion mode are illustrated in Figure (b,c), where the dotted line shows the electrostatic
influence of the CG. Moreover, in Figure d) a transfer characteristic of a "quasi single
top gated” device with Vpg = Vq is shown, illustrating the same L%p. Attributed to
the more precise band tuning capabilities of the three gated RFET, steeper subthresh-
old slopes S™P and lower off-currents I g are achieved. Importantly, due to the use of
thermally-grown native SiO9 as gate dielectric, a low hysteresis is obtained.
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Figure 4.41: (a) False-color SEM image of a multi-gate Al-Si based SBFET, constituting a
RFET with PG and CG, being highlighted in blue and orange, respectively. (b,c) Band diagrams
for electron and hole injection, respectively. The dotted line indicates the influence of the CG. (d) n-
and p-type subthreshold transfer characteristics illustrating the function mechanism of the RFET.
Moreover, a quasi single top gated SBFET transfer characteristic with Vpg = Vog s illustrated
(gray solid line).
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Next, the Vpg-dependency at T'= 295 K on the RFET’s n- and p-type transfer character-
istics is investigated, as illustrated in Figure Here, different drain biases Vp, ranging
from 0.25V to 1V in 0.25 V steps are acquired, considering Vg = 0 V. Note that for n-type
operation (Vpg = 5V) a positive Vp, and for p-type operation (Vpg = —5V) a negative
Vp is applied (cf. Figure . Moreover, T-dependent n- and p-type RFET transfer
characteristics were investigated, showing especially for I,g an increase at elevated tem-
peratures, due to a higher contribution of charge carriers injected by TE (cf. Figure .
For comparison to existent RFET realizations on base of Al-Si and -Ge, as well as on metal-
silicide and -germanides, Table summarizes relevant RFET figures of merit (FOM),
which are extracted at |Vp| = 1V. Notably, the Al-Si based RFET features a low I, gfép,
which is below the sensitivity limit of the used measurement equipment. Further, indicat-
ing efficient suppression of static power consumption in the off-state as well as suppression
of gate-induced barrier lowering (GIDL), because the CG electrode screens the lateral
source/drain electric field. An approach to increase L?I{p is the use of parallel fabricated
SOI-based nanosheets, which were already used to demonstrate the Al-Si solid-state ex-
change, allowing gate-width scalilng. [RB6] Moreover, on base of Si NWs, parallel contact
printing can be facilitated for the integration of parallel arrays enhancing I,,,. Lastly,
an on-current symmetry I2, /I of ~0.35 is achieved, which seems to be quite large. How-
ever, this symmetry is substantially closer to unity in comparison to prior-art Si-based
RFETs based on state-of-the-art Ni-silicide contacts with asymmetry factors of 2-5 times
higher than in the proposed Al-Si material system (cf. Table . Notably,
the relatively high symmetry is achieved without any additional measures, as e.g., precise
strain engineering or asymmetric biasing of Vpg. The still remaining 15, /1P, asym-
metry might be attributed to slight barrier asymmetry and differences in the effective
tunneling masses of electrons and holes, influencing the tunneling probability.
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Figure 4.42: Vpg-dependent RFET transfer characteristics of m- and p-type operation ranging
from Vpg = 0.25V to 1 V. Note that Vog sweeping is performed from the off- to the on-state.
Additionally, IC‘;{P at |Vp| = 1V is indicated by horizontal bars. The insets illustrate the corre-
sponding band diagrams for electron and hole injection.

As shown in Table the Al-Si based RFET merely dominates in terms of symmetry,
whereas the NiSis-Si based RFET exhibits better values with respect to I(%p, Tog
and S™P. This might be attributed to a non-optimized gate oxide thickness as well as
no sufficient scaling of the proposed Al-Si based RFET with channel lengths ~1pm and
diameters ~80nm. Notably, considering Ge in RFET applications once more reveals the
strong Fermi level pinning close to the valence band of Ge and increased I (r)lép
higher source/drain leakage, attributed to the smaller band gap of Ge.

, due to
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Parameter Al-Si NiSi»-Si |67 Al-Ge [75] | NioGe-Ge [235

I, (pA/pm) 3.34 5.30 0.02 0.47

I": (pA/pm) || 4.09 x 107¢ | 0.15x 107 50 x 1076 167 x 1076

IP (pA/pm) 35 94 52.8 5.6

I’e (nA/pm) || 1.40 x 1076 | 0.15 x 107% || 6.00 x 107 56.0 x 1075

It /IR ratio 0.4 0.06 379 x 1076 84 x 1073

I, /1% ratio | 0.8 x 106 35 x 10° 400 281

Ip, /1P ratio || 25 x 10° 627 x 105 880 x 10° 10 x 10°
Vi (V) 0.36 [ 1 0.4
Vi, (V) -0.7 @ -1.4 -0.2

S (mV/dec) 280 220 800 215

SP (mV /dec) 290 90 700 150

Table 4.2: Comparison of relevant and available RFET FOM of selected silicide, germanide, and
Al-based NW RFET concepts with Si and Ge channels. Note that a source/drain bias of Vpg = 1V
is considered.

% No values available.

Complementing the electrical characterization of the proposed Al-Si based RFET, output
characteristics as well as Ip-transport maps are investigated, as shown in Figure [£.43]
where (a,b) and (c,d) illustrate n- and p-type operation, respectively. The linear output
characteristics [cf. Figure a,c)] use matching polarities of the Vp-sweep and Vpg
with positive and negative for n- and p-type operation, respectively. Notably, both I/Vs
exhibit a non-linear increase of the Vog-dependent characteristic, indicating progressive
tuning of the barrier shape, which is a typical feature of SBFETs. , Analyzing the
transport maps in Figure (b,d) reveal well-defined on- and off-states, confirming the
operational stability of the Al-Si based RFET, which is required for its use in circuits.
Moreover, these transport maps allow to visualize optimal operation points of the device
by selecting appropriate bias voltages. Attributed to the symmetry of ICI,II{p and Vtrfl/ P logic
gates can be realized, even with an equal supply voltage of |Vpg| = |Veg| = Vb = 3V
(cf. Figure . In this respect, using 3V sufficiently tunes the incorporated energy
landscape of the semiconductor and drives an appropriately high drain current Ip. Again,
using scaled or a different gate dielectric, i.e., a high-x dielectric, would allow for a decrease
in the supply voltage without drawbacks on the performance.
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Figure 4.43: (a) Linear representation of the n-type output characteristics (Vpg = 5V) for
Veg = 0V to 5V in 250mV steps. (b) Semi-logarithmic transport map of the n-type operation,
indicating a unipolar characteristic with well-defined on- and off-states. (c,d) illustrate data of the
p-type operation with Vpg = —5V. The insetls in (a,c) depict simplified band diagrams of the n-
and p-type on-states.

A major drawback of VLS-grown NWs is the exact placement, which bears a challenge in
CMOS integration and the realization of complex logic circuits. In this respect, a feasible
approach is the use of in-plane solid-liquid-solid grown NWs in combination with guided or
patterned ledges. Thus, allowing to control the NW diameter, alignment, orientation,
and pitch. . Consequently, the VLS-grown Al-Si-Al NW RFET integration depicts
a prototyping vehicle, that can be applied to more advanced SOI technology for VLSI.
[RBG6) (300
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Using the Al-Si based SBFET technology with single-crystalline and
mono-elementary Al leads allows the realization of RFETs, which are

capable of switching between n- and p-type operation even during
runtime. Notably an inherently high symmetry factor of 0.4 I3 /IP is
achieved without the introduction of additional measures.

4.3.2 Basic Logic Circuits

As proposed in Section the Al-Si based RFET is applied in basic logic gates to
demonstrate its application in circuits. Therefore, in the first step, a complementary in-
verter is realized, as illustrated in Figure [£.44] In this context, the low-side RFET, i.e.,
connected to Vgg = 0V is operated in n-type operation (pull-down transistor) by applying
Vpg = 3V. The high-side RFET (pull-up transistor) is connected to Vpp = 3V and is
operated in p-type operation (Vpg = —3V). An actual SEM image of the device layout
with an overall NW length of ~20 pm is illustrated in Figure a), where two Si regions
and three Al segments are evident. Attributed to the complementary nature of the circuit,
the output signal Vour is extracted from the Al electrode connecting the two Al-Si based
RFETs. The device architecture reveals one of the key advantages of RFETs, which is its
exact same device layout, geometry, and composition for both n- and p-type operation.
Thus, providing a vast variety of applications such as functional diverse adaptive comput-
ing paradigms and hardware secure circuits. , In general, demonstrating this
fundamental logic gate, the Al-Si material system proves its applicability in complemen-
tary logic gates.

Next, the transient operation of the proposed Al-Si based RFET inverter is investigated
in Figure b), where both CGs act as the input signal Vin, which is driven by a
function generator (cf. Section . As it becomes evident in the output signal Voyr,
the expected toggling between the supply voltages Vpp = 3V and Vgg = 0V is observ-
able. In this context, inverter operation is ensured with a symmetric supply voltage of
|3 V|, whereas a reduction of the supply voltage leads to insufficient inverter functionality
(cf. Figure . Moreover, to avoid an electric breakdown in the proposed realization,
Vss = —3 'V was avoided. Therefore, only symmetric and not single supply can be shown
here. Attributed to its complementary nature — one RFET is operated in n- and
the other in p-type operation — the current Ip through the two RFETs in series reveals
a negligible current flow in the high- and low-states states. However, at the state transi-
tions, where switching of Vin occurs, current-peaks of ~200 pA become evident, which is a
characteristic feature of complementary logic gates. Notably, inverting the polarity of Vpg
and consequently operating both RFETs in the opposite mode, leads to the qualitative
same results. This is an important asset in terms of realizing more complex combinational
logic gates, as it enables flexibility of the proposed inverter, which cannot be accessed in
conventional CMOS technology due to its predefined operation mode, defined by geometry
and doping profiles.
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Chapter 4: Results and Discussion

With respect to the signal overhead, Trommer et al. proposed a concept for flipping the
supply line voltages on the fly. [310] Through the use of a single inverter the supply lines
and PGs can be changed jointly, enabling a full output swing.
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Figure 4.44: (a) False-color SEM image of two Al-Si based RFETs in series, constituting a
complementary inverter by using reconfiguration on transistor level. (b) Transient investigation of
the RFET-based inverter with biases, i.e., source/drain and TG voltage, of |3V|. Peaks in the Ip
vs. t curve indicate complementary inverter functionality.

146



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

Further exploiting the concept of multi-gate Al-Si based SBFETs, a wired-AND gate can be
realized by adding a second CG in the middle of the Si channel, resulting in an additional
electrode to turn the RFET on or off. In the scope of a wired-AND both independent
CGs are used as input signals (Vi and Vg) constituting a wired-AND gate. ,
Figure a) shows a false-colored SEM image of the realized wired-AND gate with
two 2-shaped CGs between the PGs, covering the Al-Si MSJs. Notably, as it becomes
evident in the transient operation, as shown in Figure M(b), the current Ipp through
the device defines the logic output, depicting a difference to conventional AND realizations
based on CMOS technology, which commonly uses a voltage level as output. Note that,
again, a symmetric supply bias of [3V] is used for sufficient operation. Attributed to
sufficient current drive capabilities, the proposed Al-Si based wired-AND gate is well-
suited as a replacement for the parallel ”pull-down” branch of NAND logic gates realized by
conventional MOSFET technology [cf. Figure [1.45]c)]. Lastly, reconfigurability of RFET
polarity and supply voltage would allow for compact NAND /NOR operability.
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Chapter 4: Results and Discussion

Note that the transistor count can further be reduced by using multiple inputs, i.e., plac-
ing a higher number of CGs, where merely the semiconductor channel length limits the
total amount of inputs.

0 5 10 15 20 25 v

Figure 4.45: (a) False-color SEM image of a multi-gate Al-Si-Al NW heterostructure, consti-
tuting a wired-AND gate. The left lower inset illustrates the equivalent of conventional transistor
technology. (b) Transient behavior of the proposed wired-AND gate in n-mode. Here, the frequen-
cies of Va and Vg are 0.1 Hz and 0.2Hz, respectively. Note that Ipp defines the output variable
of the wired-AND gate. (c¢) Example of a NAND logic gate realized with conventional transistor
technology, where the orange rectangle indicates the part that can be replaced by a wired-AND gate.

Note that in the work at hand, rather low frequencies of 0.1 Hz and 0.2 Hz are used for the
generation of the input signals. Unfortunately, also attributed to the absence of a back
end of line (BEOL) interconnect technology, our lab-based design and equipment exhibit
high parasitic capacitances, limiting the operation speed. However, TCAD simulations by
Baldauf et al. demonstrated switching speeds of Si-based RFETs in the GHz-regime.

L d Using bias spectroscopy to illustrate Ip-transport maps allows the ex-

l traction of optimal operations points, which leads to the use of sym-
metric biases (here: |3 V|) for input and supply lines. Therefore, a comple-
mentary inverter and a wired-AND logic gate were realized by the
exploitation of Al-Si based RFETs. Notably, enhancing the flexibility for
its integration in advanced logic circuits.
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4.4 Advancing NDR in Al-Ge SBFETs

As discussed in Section Ge features the inherent exhibition of negative differential
resistance (NDR). Therefore, the following section discusses the enhancement of NDR in
Al-Ge based SBFETs with a single top gate and a multi-gate architecture. In this context,
bias spectroscopy, as introduced in Section and already applied in Section is
employed for a thorough investigation of the NDR region and its physical transport mech-
anism.

Note that the theoretical background on NDR, and in particular on Ge-based NDR, de-
vices, is elaborated in Section Additionally, in Figure latest simulation results
obtained by Dr. Felipe Murphy-Armando, University College Cork, evaluating the charge
carrier concentration and mobilities in the relevant conduction valleys are shown. These
investigations are still ongoing and beyond the scope of the thesis at hand.

In this section, the conference proceedings ”Bias Spectroscopy of Negative Differential
Resistance in Ge Nanowire Cascode Circuits” [RB7] and "Mapping Electronic Transport
in Ge Nanowire SBFETs: From Tunneling to NDR” [RB4] are covered.

4.4.1 NDR in Al-Ge based SBFETs

As starting material the already proposed VLS-grown and nominally un-doped (111)-
oriented Ge NWs, grown with the diphenylgermane (DPG) precursor, are considered (cf.
Section . Prior to SBFET integration, the nominally 50 nm in diameter dnxw wide
Ge NWs were en-wrapped in a 13.5nm thick ALD AlyOg shell, which later acts as the
SBFET’s gate oxide. Again, to achieve the desired Al-Ge-Al NW heterostructure, the Ge
NW is contacted by Al and the thermally induced longitudinal Al-Ge exchange reaction
is initiated by RTA at T = 673 K. Thus providing quasi-1D monolithic Al-Ge-Al NW
heterostructures with single-crystalline and mono-elementary Al leads. For the realization
of NDR-based devices, the same 2-shaped top gate (TG) architecture, as introduced in
Section [.2.3] is used in the first step.

As an essential requirement for the exhibition of NDR in Al-Ge based SBFETs, a suf-
ficiently high electric field in the electron dominant regime (here: Vpg = 5V) needs to
be applied. In this context, the combination of efficient electrostatic gating and geomet-
ric confinement of the Al-Ge-Al NW heterostructure with the Q-shaped TG supports an
efficient transferred electron effect, enabling distinct NDR in the proposed Ge-based de-
vice. Attributed to the use of DPG for the Ge NW growth, transiently stable devices are
obtained, which further allow investigations of the manifold influences, such as bias volt-
ages and temperature, on the NDR characteristics. Figure shows a typical NDR I/V
characteristic (log;, In/Vp) of the proposed Al-Ge based SBFET at T' = 77.5 K. Notably,
allowing to identify the distinct transport mechanism by analyzing the slopes.
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S1 depicts thermionic emission (TE), which is in particular pronounced at 7" = 77.5K,
due to low thermal excitation of charge carriers and a pronounced electron SB (cf. Sec-
tion. Further, increasing Vp leads to a stronger band bending, resulting in TFE/FE,
which is indicated by S2. Reaching the critical electric field E.y; at ~1 x 106V /m, leads
to an electron transfer from the L- to the X-valley of the Ge’s conduction band (cf. Sec-
tion . Consequently, a significant mobility decrease occurs, resulting in NDR and a
negative slope S3. Further increasing Vp, leads to an avalanche-like increase of Ip, which
can be attributed to hot electrons at high electric fields [cf. inset in Figure [4.47](a)]. This
effect is also denoted as impact ionization (IT) characterized by S4. Notably, the flattening
after I might be caused by self-heating of the Al-Ge based SBFET at high drain current
densities.
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Figure 4.46: NDR I/V characteristic at Vg =5V and T = T7.5K. The slopes S1-S4 denote the
different transport regimes. The lower right inset shows a false-color SEM image of the investigated

Al-Ge based SBFET. The top inset illustrates impact ionization, causing an avalanche-like increase
of Ip after the NDR region.

In the next step, the T-dependency of the NDR’s peak- and valley-region is investigated
in Figure [£.47] This is of essential relevance in understanding the physical transport,
due to the expected involvement of different charge carrier injection mechanisms. In this
sense, attributed to higher thermal activation with increasing temperatures, the peak- and
valley-voltage Vpeak and Waley (here: Vj, and V4) shift by 8.5 mV /K for both, V}, and V4.
Notably, up to T'= 350 K a peak-to-valley ratio (PVR) of 5 is achieved.
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In particular, the exhibition of NDR up to T" = 350K is an important requirement for
the application of NDR-based devices in circuit implementations, as sufficient NDR is still
achieved at elevated temperatures. Further increasing the temperature leads to a vanish-
ing of the NDR, attributed to thermally activated transport in the L-valley and a strongly
decreased transferred electron efficiency (cf. Section .
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Figure 4.47: T-dependent NDR I/V characteristics for Vorg = 5V. The top inset shows the
T-dependency of V, and V,, indicating a linear voltage downshift with increasing temperatures.
The linear fit serves solely as a visual guide.

Next, T-dependent bias spectroscopy in the temperature range between 7' = 225 K to 400 K
is used to investigate key features of NDR in the proposed Al-Ge based SBFET, as illus-
trated in Figure In this respect, the PVR at RT (7" = 295 K) is a factor of 6.5 larger in
comparison to state-of-the-art Si/SiGe RTDs and a factor of 3.5 larger of AlAs/GaAs NDR
devices. Additionally, in Figure a), the NDR I/V characteristic at T' = 225K
is illustrated, where slopes are identified in the same manner as in Figure [£.46] However,
attributed to a higher temperature (here: 225 K; in Figure 77.5K), the plateau at low
Vb, indicating TE is not visible, due to a higher thermal activation. Therefore, S1 directly
indicates electron transport in the L-valley. For more precise identification and localiza-
tion of the NDR regime, the negative differential conductance NDC, defined according to
dIp/dVp, is visualized in Figure M(b) Consequently, negative values correspond to the
NDR regime.
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Figure 4.48: (a) T-dependent bias spectroscopy of the NDR characteristic acquired from an Al-
Ge based SBFET in the temperature range between 225K and 400 K. The right y-axis shows the
loggI/V at T = 225K as reference. Additionally, S1-S3 indicate the involved transport regimes.
(b) Derived T-dependent NDC map from data in (a).

Having identified the corresponding T-dependent transport regimes and mechanisms, the
NDR region itself is investigated from a tunability perspective. Therefore Figure [£.49]
shows bias-dependent transport maps, considering Vipg and Vp, where Vipg is increased
from 3.5V to 7V in 0.5V steps. In this context, bias spectroscopy allows the visualiza-
tion of the corresponding NDR peak- and valley regions. Remarkably, the NDR region
spreads from Vprg = 4.75V to 7V with a progressive enhancement attributed to internal
field modulation. Above a specific threshold bias (Vp), the onset of impact ionization (II)
becomes evident. In case of inefficient electron injection, i.e., insufficient band bending
induced by Vra, II occurs at lower Vp, and the transferred electron effect is not initi-
ated. Regarding the extracted PVR values, a mean PVR of 10 is achieved. Again, for
a distinct identification of the NDR regime, a NDC map is calculated and visualized in
Figure b). In this respect, a linear Ip peak shift with a slope of 2Vpg/Vp becomes
evident, where the peak width remains fairly constant. Notably, increasing Vg leads to
a broadening of the NDR valley, and the II regime is shifted towards higher Vp because
the gate/drain potential difference becomes smaller.
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Figure 4.49: (a) Bias spectroscopy illustrating the Vrg- and Vp-dependency on the NDR charac-
teristic of the Al-Ge based SBFET. Notably, revealing a distinct NDR peak and valley region. (b)
Derived bias-dependent NDC map from data in (a).

To achieve NDR tunability, and in particular, modulating the NDR position, a cascode
circuit of Al-Ge based SBFET NDR devices was realized as shown in the inset of Fig-
ure [4.50a). The cascode circuit, realized by two Al-Ge based SBFETS in series functions
as described in the following: The low-side SBFET (Ty; Vpgr,) operates in NDR-mode by
setting Vrgr, = 5V, resulting in electron dominant transport. In contrast, the high-side
SBFET (Ty; Vpgn) is used as a resistive element, enabling a shift of the NDR region. As it
becomes evident in the transport map shown in Figure (a), for Vg = -2V to 1.25V,
a stable NDR regime with respect to Vp is achieved. This characteristic is attributed to
the fact that Ty is operated in the p-branch and, therefore, acts like a low resistive load,
due to the quasi-ohmic Al-Ge junction properties (cf. Section. Consequently, a high
portion of Vp drops over To. However, as Vg becomes more positive, T is progres-
sively operated towards n-type operation, and Vp is more evenly distributed among T}
and Ts. Further, this leads to a modulation of the NDR-peak for Vpgy = 1.25V to 2.5 V.
Notably, the described modulation feature is well visualized in the NDC map shown in

Figure [£.50|(b).
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Figure 4.50: (a) Bias spectroscopy of two cascoded Al-Ge based SBFETs as illustrated in the left
inset. Vogr, = BV (Ts), operating the lower Al-Ge based SBFET in NDR mode, whereas Vrgn
(T1) is swept from —2V to 3V by means of bias spectroscopy. (b) Derived Vrgu-dependent NDC
map from data of (a).

o NDR I/V characteristics were used to investigate the different transport

l mechanisms, leading to the transferred electron effect and the ex-
hibition of NDR. Therefore, T- as well as bias-dependent transport
maps are used for distinct indications of the NDR and NDC re-
gions. Using a cascode circuit, consisting of two Al-Ge based SBFETS in
series, allows to induce a Vrg-dependent NDR region shifting.
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4.4.2 NDR in multi-gate Al-Ge based SBFETs

Attributed to the higher flexibility of a multi-gate architecture, which was already facili-
tated for the realization of Al-Si based RFETSs (cf. Section, the same gating concept
is used for a more precise tuning of the charge carrier transport in Al-Ge based NDR
devices. Thus, enabling polarity control by the proposed RFET design with two indepen-
dent gates: The program gates (PGs), which cover both Al-Ge MSJs, and the control gate
(CG) in between covering the Ge channel.

Figure [4.51)(a) shows the considered multi-gate Al-Ge based NDR device, allowing to
switch between n- and p-type operation by applying a positive or negative Vpg bias. In
this context, Figure b) shows the thereof obtained transfer characteristics for sweep-
ing Voo from the off- to the on-state and consequently modulating the charge carrier
concentration in the channel. As indicated by the green curve, the ambipolar nature of
the Al-Ge based SBFET can be transposed in unipolar n- and p-type operation. More-
over, an efficient suppression of source/drain leakage is achieved, which limits the static
power consumption despite the low band gap of Ge. As discussed in Section the
low, and even negative, activation energy EP for the injection of holes results in strongly
asymmetric on-currents I(r,lr{p. Notably, this fact constitutes an essential drawback of Ge-
based RFETs (cf. Section [4.3.1)), [235}236] as all technologically relevant metal-Ge MSJs
exhibit strong Fermi level pinning close to the valence band, favoring the injection and

transport of holes (cf. Section [2.2.2]).

155



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.

M 3ibliothek,
Your knowledge hub

Chapter 4: Results and Discussion

(b) 100u

10p~;

1p1;

-4 -2 0
Veg (V)
Figure 4.51: (a) False-color SEM image of the proposed Al-Ge based multi-gate NDR device,
which uses the RFET notation for its top gates, i.e., PG and CG. (b) Transfer characteristics of the
Al-Ge based multi-gate device, operated in n- and p-mode with Vpg = 5V and —5V, respectively.
Additionally, the green curve illustrates the transfer characteristic of a top gated Al-Ge based

SBFET with Lsc = 1.1 um. The insets depict schematic band diagrams of the gating mechanism,
resulting in unipolar electron and hole conduction.

In the next step, the impact of electrostatic gating on the exhibition of NDR in the pro-
posed multi-gate SBFET architecture is investigated for fixed Vog = 5V, allowing the
transport of electrons, and sweeping Vpg. The corresponding transport map is illustrated
in Figure Importantly, NDR in Ge is accessed in case of electron conduction due to
the fact that the transferred electron effect can only occur in the multi-valley conduction
band landscape (cf. Section . Consequently, NDR is only evident for positive Vpg,
enabling the injection of electrons. Moreover, the NDR effect becomes more pronounced
for increased Vpq, leading to a higher degree of band bending, resulting in a higher con-
tribution of electrons being injected by direct tunneling (FE). At Vpg ~ 3.5V injected
electrons are sufficiently accelerated across the channel and consequently lead to the trans-
ferred electron effect, yielding stable and reproducible NDR, as also indicated by the NDC

map in Figure [1.52|(b).
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Here, the advantage of using NDC maps is reflected, as no negative conductance values
are obtained for Vpg < 3.5V, indicating that NDR cannot be accessed.
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Figure 4.52: (a) Vpg-dependent bias spectroscopy of the Al-Ge based multi-gate SBFET with
Vea = 5 V. Notably, a distinct NDR region becomes evident at Vpg > 3.5V. (b) Derived NDC
map from data of (a).

Following the investigations of the injection capabilities tuned by Vpq, the influence of the
CG is investigated by keeping Vpg = 5V, favoring the injection of electrons and sweeping
Vea. As shown in Figure [4.53] the NDR region exhibits a CG-dependent tunability, where
the NDR peak can be effectively shifted by ~2V applying Vog between 3V and 5V. In
this context, a maximum RT PVR of ~10 is achieved. The transport mechanism leading to
this shift can be described as follows: Applying a higher Vg, e.g., 5V, leads to stronger
band bending of the semiconductor landscape and thus an enhanced acceleration path for
electrons, leading to the fact that the transferred electron effect takes place at lower Vp.
In contrast, lower Vo causes less band bending, and therefore, a higher electric field (Vp)
is required to initiate the transferred electron effect. Notably, the multi-gate Al-Ge based
NDR device constitutes an integrated version of the cascode circuit of two Al-Ge based
SBFET NDR devices (cf. Figure[d.50). In this context, the multi-gate architecture exhibits
a different NDR region characteristic, but with a more distinct modulation capability of
the NDR region.
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Figure 4.53: (a) Vog-dependent bias spectroscopy of the Al-Ge based multi-gate SBFET with
Vea = 5V. Varying Vog allows to modulate the position of the NDR region. Additionally, up to
Vea 4V and Vp > 4.25V, impact ionization (II) becomes evident. (b) Derived NDC map from
data of (a).

In the scope of further enhancing the tunability of the NDR region, a cascode circuit of two
multi-gate Al-Ge based NDR devices was created, as shown in the inset of Figure a).
Using this configuration allows to use Vg of the high-side transistor (Ty) as input, re-
sulting in an I/V characteristic with overlapping NDR regions (cf. Section . In
particular, being a relevant characteristic for the realization of MOBILE devices, allowing
the implementation of reconfigurable NAND/NOR logic gates. Here, the functional
mechanism can be described as follows: The CG of T is tuning the operation mode of the
high-side transistor, resulting in its function as a resistive load or operation in NDR-mode.
Moreover, the low-side transistor, To, is hardwired to operate constantly in NDR-mode
with Vpa = Vog = 5 V. As it becomes evident in the NDC map, shown in Figure M(b),
for a Vog up to ~1V, the NDR region allows to be shifted, due to increased resistance of
Ty, resulting from a progressive shift towards more dominant electron conduction mode.
However, further increasing Vog at Ty leads to the exhibition of NDR due to efficient
electron injection and, therefore, to an overlapping NDR region. The ”double” NDR is
achieved due to the fact that in the scenario of Vo > 1.75V, both transistors are operated
in electron conduction mode, i.e., NDR-mode.
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Similarly to the cascode circuit with single TG Al-Ge based SBFETSs, the quasi-ohmic
junction properties of the Al-Ge MSJ in p-type operation enables the functionality of
”double”-NDR, in particular, for the operation of Tj.
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Figure 4.54: (a) Cascode circuit of two Al-Ge based multi-gate SBFETs, enabling tunability and
the construction of a double NDR. In correlation to the cascoded Al-Ge based single top gated
SBFET, the low-side device, i.e., T, is operated in NDR mode, whereas Ti allows switching
between quasi-ohmic and NDR operation. (b) Derived NDC map from data of (a). Notably, two
distinct NDC' regimes become evident.

4 Using an RFET multi-gate configuration with PG and CG and creating bias-

l dependent transport maps, reveals that a Vcg-dependent shift of
the NDR region can be obtained, while the applied Vpg merely de-
fines the onset of the transferred electron effect. Additionally, using a
cascode circuit of multi-gate Al-Ge based SBFET allows the realiza-
tion of a ”double”-NDR characteristic, which again enables tunability
in correlation to the applied V.
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Chapter 4: Results and Discussion

4.5 Approaching Top-Down Integration

As discussed in Section VLS-grown bottom-up NWs bear significant challenges in
precise placement and wafer-scale integration, resulting from their predefined positioning,
related to the growth mechanism. Therefore, as already mentioned, top-down approaches,
e.g., based on Ge- (GeOlI) or Si on insulator (SOI), depict a promising solution for highly
integrated circuits, which certainly becomes relevant for more complex reconfigurable logic
gates. ,

In the scope of Al-group IV material systems, Wind et al. demonstrated the proposed
solid-state exchange mechanism on the basis of Al-Ge and Al-Si [RB2] top-down fab-
ricated nanosheets from GeOIl and SOI, respectively. In this context, Bockle et al. used
the Al-GeOI material system for the demonstration of the first top-down realized Al-Ge
based RFET. Attributed to the gained insights on the T-dependent charge carrier
transport mechanism, in particular of the Al-Ge material system (cf. Section , due
to its T-independent hole injection and its strong T-dependency for electron injection,
this temperature characteristic can be exploited in a device with a tunable temperature
coefficient of resistance (TCR). In this context, Bartmann et al. demonstrated the real-
ization of a Ge NW-based microbolometer with TCR = 1.7%/K at RT. However,
NW-based solutions exhibit limitations with respect to integration and exact placement,
which inhibits its industrial and wafer-scale integration. With respect to the real-
izations of devices with a high TCR, i.e., thermometers, top-down nanosheets allow for a
distinct design of the thermal conductance of the Ge channel and metal contacts (here:
Al) by engineering the nanosheet’s width and thickness. Additionally, GeOI provides the
capability of fabricating parallel wires to increase currents.

This section covers the publication "Bias-tunable temperature coefficient of resistance in
Ge transistors”. [RB§]

4.5.1 Tunable TCR on GeOl

As briefly mentioned in the introduction of this section, Al-Ge MSJs provide a favorable
T-sensitivity, resulting from the Ge’s relatively small band gap and a high intrinsic charge
carrier concentration (cf. Section. Therefore, passive Ge bolometers are widely used
for infrared detection due to their excellent TCR over a wide range of temperatures.
In this context, Ge-based bolometers were proposed, which, however, require complex
fabrication methodologies, but exhibit high TCR values between 1%/K and 6 %/K in
dependence on doping and crystallinity. A significant drawback is that many Ge-
based thermometers are often limited to operation in the liquid-He T-regime (T = 4K).

[320,321]
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In the scope of the work at hand, Al-Ge based SBFETs are considered, which rely on
the T-dependent charge carrier transport mechanism elaborated in Section In this
context, Schottky diodes for bolometric applications were already demonstrated but were
limited to Si-based technology with TCR values of ~2 %/K at RT.

For the proposed Al-Ge based SBFET, adapted as a TCR device, i.e., thermometer, the
starting material was a GeOI wafer with a 75 nm (100)-oriented intrinsic and nominally un-
doped Ge device layer on top of a 150 nm thick buried oxide layer and Si handle wafer [cf.
Figure [£.55(b)]. Nanosheets were then patterned with a thickness of 20 nm and a width
of ~265nm by e-beam lithography (EBL) and reactive ion etching (RIE). Notably, the
native Ge,Oy was desorbed to prevent the formation of Ge oxides, resulting in transiently
more stable device operation, due to a reduced number of interface trap states.
In this context, desorption of the native GeyxO, was performed in ultra-high vacuum
(1 x 107" mbar base pressure) at 600°C for 30 min. As illustrated in Figure [4.55(d), the
success of the Ge,xOy was confirmed by X-ray photoemission spectroscopy (XPS) analysis
on a Ge(100) test substrate. As gate dielectric, a 11 nm thick AlyOg3 layer was deposited
by ALD. Next, Al source/drain pads were fabricated by optical lithography, selective
oxide etching, Al sputter deposition, and lift-off techniques (cf. Section . In the same
manner, as it was applied to obtain Al-Ge-Al NW heterostructures, the Al-Ge exchange
mechanism was initiated by RTA at 673 K. For the realization of a TCR device,
exhibiting a distinct T-dependency, a channel length above the mean free path in Ge (>
45nm) is desired to prevent a high contribution of T-independent ballistic charge carriers.
Consequently, Ge channel lengths between 400 nm and 1000 nm were targeted. Finally,
for the realization of the SBFET, a Ti/Au (10nm/100nm) top gate (T'G) was fabricated
by EBL and evaporation. For efficient electrostatic gating capabilities of the Ge energy
landscape, a sufficient overlap of the MSJs has to be considered. Figure [4.55(a) shows
a false-color SEM image of the thereof realized device, wherein the zoomed-in view, the
actual TG and Ge channel are illustrated. Moreover, Figure b,c) show schematically
vertical and horizontal cross-section views of the device stack. Finally, the gate and
drain electrode were bonded together to realize a two-terminal device promoting a diode
characteristic (cf. Figure . In this context, two electrostatically tunable Schottky
junctions, with Al being the anode and Ge being the cathode, are realized. Consequently,
similar physical transport mechanisms are obtained, as proposed in other Schottky diode
based thermometers for bolometric applications. However, in the proposed Al-Ge
based SBFET, different device operation modes can be set, further enhancing the device
concept.
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Figure 4.55: (a) False-color SEM image of the Al-Ge based SBFET, fabricated from GeOI, with
indicated wiring between the gate and drain electrodes. The lower image shows a zoomed-in view of
the SBFET, where the two Schottky diodes and resistor symbol illustrate the Al-Ge junctions and
Ge channel, respectively. (b,c) Schematic vertical and horizontal cross-section cuts of the device
stack. Note that dimensions are not in scale. (d) XPS data before (solid blue) and after (solid red)
Gex Oy desorption.

In the first step, the I/V characteristic at RT of the Al-Ge based SBFET with the connected
gate and drain electrodes is investigated. Figure shows the corresponding I/V data
for sweeping Vp = Vpg from 2.5V to —2.5V and additionally setting Vg = 0V (cf.
Figure . Attributed to the incorporated Schottky junctions and the simultaneous
shift of the drain potential and the Ge’s energy landscape (cf. insets in Figure ,
a diode characteristic becomes evident. In contrast, operating the device as a SBFET,
without an electrical connection between the gate and drain electrodes, the device exhibits
a quasi-ambipolar transfer characteristic (cf. Section . Moreover, the wired gate-
drain configuration exhibits a vertical symmetry axis at Vp = Vpg = 0V, as merely one
charge carrier type can be injected, resulting from the electrical connection between the
gate and drain electrode.
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In the proposed device, the forward diode operation is evident in the hole-dominant regime
at Vp = Virg < 0V, whereas reverse operation is obtained in the electron-dominant regime
at Vp = Vpg > 0V. In this context, strong Fermi level pinning close to the valence band
of Ge in the Al-Ge material system leads to the observed characteristic, discussed in detail
in Section Furthermore, charge carrier injection by thermionic emission (TE) and
field emission (FE) needs to be taken into account, where especially in the p-branch, the
current increases steadily due to TE and a low activation energy EP. Notably, in the
hole dominant regime merely the Schottky junction at the drain needs to be considered,
as the injection Schottky junction at the source is fully transparent. Consequently, the
hole current at Vp = Vpg < 0V, is also influenced by the corresponding width of the
space charge region, which can be tuned by dimension properties, such as, e.g., gate
geometry, oxide thickness, and material, affecting the tunneling probability. [RB9] In the
n-branch at Vp = Vpg > 0V, it can be speculated that TE is the dominant contributor
of electron injection, as the barrier thickness is too wide within the observed voltage
range, and thus hinders efficient FE. Consequently, the current Ip remains relatively
constant in the observed range between Vp = Vpg = 0.5V and 2V with Ip = 18nA and
32nA, respectively. Moreover, this relatively constant Ip further supports the limiting
dominance of a m-type SB, where electrostatically tuning the energy landscape of Ge
does not necessarily lead to higher currents. Considering the discussed charge carrier
transport mechanism in the scope of thermometers, TE is a highly T-dependent transport
mechanism, which is accessed in terms of achieving high TCR values, as discussed next.
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Figure 4.56: I/V characteristic at T = 295 K illustrating a diode characteristic of the Al-Ge based
SBFET, which is operated in forwards direction for hole transport (Vb = Vrg < 0V ) and in reverse

operation (diode saturation) for electron transport (Vp = Vpg > 0V). The insets schematically
illustrate simplified band diagrams for both charge carrier transport mechanisms.

Next, the I/V characteristic of the wired gate-drain Al-Ge based SBFET is investigated
for varying the temperature between 77.5 K and 400 K, as illustrated in Figure [£.57] Note
that Ip at low temperatures, i.e., 77.5K to 100K, in the n-branch cannot be resolved,
as values are below the resolution limit of the used measurement equipment (cf. Sec-
tion . In the p-branch at low Vp = V@, a particular T-dependency is evident, which
can be attributed to dominant TE of holes. However, approaching Vp = Vpg = —2V leads
to a FE-dominant charge carrier (here: holes) injection due to stronger band bending and
thinner barriers. Consequently, the T-dependency vanishes in strong hole accumulation
(cf. Section. In contrast, in the n-branch a distinct n-type SB is evident, resulting in
TE being the limiting charge carrier (here: electrons) injection mechanism. Consequently,
a strong T-dependency of Ip becomes evident. As indicated in Figure [£:57} between
AT =Ty — Ty a Alp = 86.5nA in the T-range of 125 K-400K is extracted. The mecha-
nism itself, leading to a change in Ip, can be attributed to thermally activated electrons,
overcoming the n-type SB by TE. Evaluating the temperature range between 350 K and
400K a AIp of 20 nA is observed. In this context, the current Ip needs to be considered in
respect to resistance R, where TCR is defined as 1/Rg x dR/dT, with Ry = Vp/Ip being
the resistance at the operation temperature and dR/dT being the resistance change per K.
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Figure 4.57: I/V characteristics of the proposed Al-Ge based SBFET for temperatures ranging
from 775K to 400 K. Notably, a strong T-dependency becomes evident for Vi, = Vipg > 0V (n-type
conduction) due to a distinct n-type SB and dominant TE charge carrier transport.

Finally, Figure [4.58 shows the extracted TCR values in dependence on Vi = Vg of the
Al-Ge based SBFET with gate-drain wired electrodes. On the basis of previously discussed
expressions, the TCR can be calculated according to the following equation:

TCR — 1 Rpg(Th) — Rps(Ti) 1 Rps(13)

AT Rpgs(T1) "~ AT Rps(Th) (4.3)
/@) 1T |
AT Vp /Ip(Th) AT Ip(Tz)

where AT is the considered temperature range (cf. Figure [1.57) and Rpg(= Vp/Ip) is the
total resistance of the device, consisting of the Schottky junction resistances and the Ge
channel resistance. In this context, the Schottky junctions are the main limiting factor,
due to their direct influence on the charge carrier injection capabilities, which particularly
holds for the n-type SB. In strong hole accumulation (Vp = Vpg < 0V), the Ge channel
becomes the resistance-defining element, due to the quasi-ohmic contact properties of the
Al-Ge MSJ (cf. Section [4.2.3).

Finally, a bias-tunable TCR is achieved, which facilitates the T-dependent and -independent
properties, wherein the temperature range of 125 K-150 K a value of —0.3%/K at —2V
and —3.8 % /K at 2V is achieved. Notably, negative TCR values are extracted as the resis-
tance in the proposed Al-Ge based SBFETs decreases for elevated temperatures, which is
a characteristic feature of most semiconductors. According to Fermi-Dirac statistics,
increasing the temperature leads to more thermally excited charge carriers, resulting in
more occupied states, resulting in lower TCR values.
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Nevertheless, even in the temperature range between 250 K and 295 K, maximum TCR
values in the n-branch of —1.6 % /K are achieved. Consequently, promoting RT-operability
of the proposed Al-Ge based SBFET with wired gate and drain electrodes for thermometer
applications.

e 250 K-295K
S 21

E:) 225 K-250K
'—

125K -150K

2 4 0o 1 2
Vp = Vs (V)

Figure 4.58: Selected TCR data extracted from I/V characteristics acquired at different temper-
atures (cf. Figure , demonstrating the bias-tunability of TCR. Notably, in the n-branch, the
TCR remains constant due to the operation of the diode characteristic in reverse direction. In
contrast, in the p-branch the TCR approaches zero, due to dominant FE.

Notably, the proposed Al-Ge based SBFET with wired gate and drain electrodes allows
for nanoelectronic co-integration approaches due to its bias-tunable TCR. In this context,
operating the device as a p-type transistor and consequently with a TCR of ~0%/K, as
desired in nanoelectronic applications, a versatile platform is realized. Consequently, tran-
sistors or even logic gates on the basis of the GeOlI platform can be realized in conjunction
with thermometers for bolometric applications. Moreover, enhanced functionality might
be achieved by pulsed operation to reduce Joule heating or the fabrication of parallel
nanosheets that allow for direct addressing in detector arrays.

Due to the exhibition of similar n- and p-type SBs in the Al-Si material system, first
TCR results based on SOI are acquired as well, considering the same architecture and
measurement methodology. Therefore, preliminary results are shown in Appendix

166



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

Using Al-Ge based SBFETs and inter-connecting the gate and drain elec-
trode, the device is operated as a thermometer, exhibiting a bias-
tunable TCR. Consequently, the two-terminal device exhibits a diode I/V
characteristic, which shows a distinct T-dependency for electron and
hole conduction. In the proposed configuration, a bias-tunable TCR with
values between -0.3 %/K and -3.8 % /K was achieved in the p- and n-
branch. At RT a maximum TCR value of -1.6 % /K was extracted.
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Chapter 5

Conclusion and Outlook

In summary, the presented PhD thesis is a systematic experimental study of NW-based Al-
Si, -Si;_xGey and -Ge metal-semiconductor-metal heterostructures integrated into single
and multi top gated SBFETs. Therefore, structural and electrical analyses were conducted
to thoroughly understand the incorporated MSJs and the involved charge carrier trans-
port mechanisms dependent on the integrated semiconductor channel materials. Al-group
IV-based SBFETs exhibit ambipolar transfer characteristics, resulting from specific and
important n- and p-type SBs that are, in turn, caused by unique Fermi level pinning
properties at the junctions. In this context, certain SBFET FOM, such as I&{p, tI}ll/ P the
hysteresis, S™P and gﬁl/ P were acquired. Taking the SBFET’s dimensionality into account
and considering the same Al-lead properties allowed a comprehensive comparison of the
electrical performance of the different channel material systems. Applying advanced char-
acterization methodologies, such as bias- and T-dependent spectroscopy, identified distinct
operation regimes dependent on the charge carrier injection mechanisms. An essential as-
pect of the obtained MSJs was the determination of the n- and p-type "effective” SBHs,
denoted as activation energies E;l/ P which are significantly influencing the charge carrier
injection and transport. In this respect, the major contributor was determined to be the
Fermi level pinning between the metal (here: Al) and the corresponding semiconductor.
For the extraction of EQ/ P the 3D TE model was applied to all investigated material
systems, whereas for the Al-Ge material system also, the 1D LB model was used. In this
context, justification is given due to the diameter of the Ge NWs being in the order of the

exciton Bohr radius af = 24.3nm.
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Chapter 5: Conclusion and Outlook

After identifying and characterizing distinct charge carrier transport mechanisms in the
different Al-group IV based SBFETS, the gained insights were applied to realize specific
nanoelectronic applications. In this context, the Al-Si material system exhibited favorable
characteristics in terms of relatively symmetric n- and p-type SBHs, which are essential
for realizing RFETs. Moreover, using these Al-Si based RFETs allowed the demonstration
of basic logic circuits, such as an inverter and wired-AND gate. On the base of the Al-Ge
material system, using multi-gate SBFETs and cascode circuits enabled tunability of the
NDR region and even showed the exhibition of a "double” NDR feature, as visualized
by bias spectroscopy. Moreover, in the Al-Ge material system, attributed to distinct T-
dependent and -independent charge carrier injection in the n- and p-type operation mode,
respectively, a bias-tunable TCR device, based on top-down fabricated nanosheets from
GeOl, was demonstrated.

In the following, the stated research questions are reflected, where the most critical insights
in correspondence to Section [I.1] are highlighted. Additionally, an outlook on potential
enhancements concerning the research questions is discussed. Note that the corresponding
outlook topics are highlighted in the individual parts.

Characteristics of Al-group IV heterojunction in SBFETs

At first, in Section[4.]] the structural properties of the fabricated Al-Si, -Sig 5Geg 5, and -Ge
NW metal-semiconductor-metal heterostructures were investigated, which were achieved
by the use of RTA to initiate a solid-state exchange mechanism between Al and the cor-
responding un-doped VLS-grown group IV NW. For a thorough analysis of the thereof
obtained MSJs BF and HAADF STEM, as well as EDX methodologies, were used for
imaging. As passivation, also acting as gate dielectric, native thermally grown SiOo was
used for the Si NWs, whereas the Al-Siy 5Geg 5 and -Ge NWs were coated via ALD Al;Os.
Importantly, in all investigated Al-group IV material systems, single-crystalline and mono-
elementary Al leads connected to the semiconductor were achieved without forming inter-
metallic phases. Moreover, no inter-diffusion between Al and the group IV semiconductors
was detected in the resolution limits of the STEM system.

Using electrical characterization methodologies allowed a comprehensive comparison of
the different top-gated Al-group IV SBFETS, where the fabricated (2-shaped TG covers
the semiconductor channel and overlaps both MSJs. Consequently, specific charge carrier
transport mechanisms were identified. In this context, the Fermi level pinning plays a
crucial role for each material system, as discussed below.
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Al-Si material system

Analyzing the Al-Si interface from a structural point of view revealed a (111)-oriented
V-shaped twin interface, although initially un-doped (112)-oriented Si NWs were used.
Notably, this structural characteristic was already observed in (112)-oriented Si NWs in
the past.

Investigating the charge carrier transport in Al-Si based SBFETs showed a relatively
symmetric 12 /IP of 0.65 without introducing any additional measures, such as strain
engineering. In terms of E;l/ P similar electron and hole injection capabilities were ex-
tracted, resulting from Fermi level pinning of Al close to the middle of the Si band gap.
Consequently, similar n- and p-type SBs are evident, enabling the observed symmetry in

the Al-Si material system.

Al-Sip 5Geg 5 material system

Non-flat MSJs in the Al-Sig5Geg.5 material system were observed, where EBIC investiga-
tions were carried out in addition to map the space charge regions of the obtained Schottky
junction. In this respect, widths of ~300 nm were extracted.

From an electrical perspective, the Ge-content highly influences the charge carrier trans-
port mechanism due to dominant p-type behavior. In this context, the Fermi level pinning
shifts towards the valence band of Sig5Geg 5, due to a significant incorporation of Ge. In
particular, at elevated temperatures T° > 295K, linear output characteristics were ex-
tracted, indicating quasi-ohmic contacts for the injection of holes.

Al-Ge material system

Concerning the Al-Ge MSJ, which was investigated thoroughly in the past, a technological
break-through in terms of preventing the formation of native Ge oxides is the use of a
diphenylgermane precursor (DPG) for the bottom-up NW VLS growth, terminating the
Ge surface with phenyl ligands. In this respect, the I/V hysteresis is significantly reduced,
allowing the realization of transiently stable SBFETs and device realizations, i.e., NDR

devices.

In the Al-Ge material system, a pre-dominant p-type conduction mode became evident,
where near-zero and slightly negative EP values were extracted, indicating quasi-ohmic
junction properties for the injection of holes. This is further proven by T-independent
linear output I/V characteristics over the investigated temperature range between 77.5K
and 400 K.

The following gives an outlook that would further contribute to a better understanding
and improvement of Al-group IV NWs and the obtained heterojunctions.

e Insights on the NW surface crystal orientation
In terms of the band structure, as well as the density of interface trap states Dj,
the NW surface crystal orientation is of high relevance, as discussed in Section [2.1.3
and proposed in Reference by Weber et al.
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Chapter 5: Conclusion and Outlook

As an outlook, a NW would need to be cut radially, e.g., by a focused ion beam,
revealing the crystal orientation of each NW facet. Using similar STEM techniques
as proposed in Section would then allow to evaluate distinct surface crystal ori-
entations.

Consequently, the lowest Dj; values and highest effective charge carrier mobilities
can be expected in correspondence with the NW surface crystal orientation as shown

in Reference [153].

e Single-source precursor for the growth of Si;_,Ge, NWs

Comparing the hysteresis of the Al-Sigs5Gegs and Al-Ge based SBFETs revealed
values of 0.7V /2V and 0.16 V/0.65V for the n- and p-branch, respectively. In this
context, the higher hysteresis evident in the Al-Siy5Gegs material system might be
attributed to the use of silane and germane as growth precursor, lacking surface
passivation and thus promoting the formation of native Ge oxides. Similarly, as pro-
posed for the Ge NW growth, using DPG as a precursor, a single-source precursor
could be used for the Si;_yGex NW VLS-growth, which prevents the formation of
GexOy. Behrle et al. proposed a first principle, which led to as-grown Si;_Gex
NWs with an Au-decorated surfaceEl where Au surface diffusion from the substrate
caused the formation of an Au shell during the NW growth. [RB10] Using an oxida-
tion/etching procedure allowed the removal of the Au-shell, which, however, comes
with the drawback of a rougher NW surface. For a thorough understanding, further
efforts are required in the precursor development and the evaluation of the thereof
obtained Dj.

Applying advanced characterization methodologies

Using thermally grown SiO, as gate dielectric for the Al-Si based SBFETs and using DPG
as a precursor for the Ge NW growth enabled transiently stable Al-Si and -Ge based
SBFETs, which promote the application of bias spectroscopy. Notably, analyzing Ip, gm,
and F, maps allow to gain essential insights on the charge carrier injection and transport
mechanisms in dependence on the manifold influences evident in SBFETSs, which are not
accessible by single parameter sweeps. In this context, T-dependent bias spectroscopy
to create Ip maps allows didactically identifying involved transport mechanisms, such as
TE, TFE, and FE. Moreover, deriving g,, maps revealed a degradation and exhibition
of gm—max in the case of quasi-ohmic contacts. The gy, degradation can be attributed to
the dominance of the semiconductor channel resistance in comparison to junctions and
became, in particular, evident in Al-Si;_,Gey and -Ge based SBFETS, due to Fermi level
pinning close to the valence band of Si;_,Gey and Ge.

! The single-source precursor development and Si;_,Gex NWs with the Au-decorated surface growth
was performed by Dr. Sven Barth at the Physics Institute, Goethe Universitat Frankfurt, Germany.
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In the scope of Ge-based NDR devices and, thereof, built cascode circuits, T-dependent
bias spectroscopy provides an essential tool to investigate the influence of the temperature,
the electrostatic gating, and the applied bias on the exhibition of NDR. Attributed to
the transferred electron effect, which is leading to NDR in Al-Ge based SBFETS, the
manifold transport features can be visualized in a single plot, which cannot be accessed
by individual I/V characteristics. In particular, T-dependent NDR shifting in conjunction
with the applied gate bias in the case of multi-gate Al-Ge based SBFETs, allows a thorough
understanding of the NDR tunability in the proposed devices and cascode circuits.

As an outlook, the following bullet points elaborate on potential characterization method-
ologies, which would allow to gain additional insights into the proposed Al-group I'V based
SBFETs.

o Low-frequency noise in Al-group IV based SBFETs

In the past, low-frequency noise (LFN) analysis has proven to be a useful method-
ology to gain insights on surface trapping and scattering mechanisms in NW-based
transistors. In this respect, Behrle et al. conducted first investigations on back-
gated Al-Ge-Al NW heterostructures, considering VLS-grown and nominally un-
doped Ge NWs grown with a germane precursor. [RB11] Attributed to the GexOy/AlyO3
gate stack and the back gated SBFET architecture, a distinct transient instability
is observed. Thus, the use of native Ge,Oy (cf. Section and the BG archi-
tecture, became evident. Nevertheless, LFN results were similar to those of other
Ge-based transistors, demonstrating the feasibility of the methodology. [324}/325] In
this context, using LFN analysis allows the extraction of the so-called Hooge param-
eter «, being a dimensionless indicator to compare the noise intensity in different
semiconductor materials and devices. Moreover, LFN analysis enables the extrac-
tion of Dj;, which is otherwise inhibited by conventional C/V measurements due to
low capacitance values in the proposed NW-based SBFETs (cf. Section .

As an outlook, applying LFN analysis, particularly on Ge NWs grown with the DPG
precursor, would allow a direct comparison of the Hooge parameter and Dj;, consid-
ering the same crystal orientation and gate material stack. Moreover, the use of an
Q-shaped TG allows fully gating the entire active region and should allow the ex-
clusion of any influences on the trapping mechanisms caused by ambient conditions,
i.e., adsorption of molecules on the NW surface. Furthermore, LEN analysis would
enable investigations and comparisons of advanced high-x gate dielectrics, such as,
e.g., HfO9, ZrOs, or its combination HZO, which are highly anticipated for the fabri-
cation of ferroelectric gate stacks . In this respect, scaling, i.e., approaching an
EOT of 1 nm and below to further reduce the gate capacitance and decrease voltage
levels for sufficient electrostatic gating, is targeted.
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e In-situ MSJ formation and bias temperature instability

To gain further valuable insights on the formation of the obtained Al-group IV MSJs,
in-situ STEM heating experiments, as already demonstrated on the Al-Ge or
Al-Si1_Gey NW-based material systems are required for a better understand-
ing of the junction formation. Recently, similar investigations have been carried out
on top-down fabricated Al-Si junctions. Additionally, to assess stability during
operation, analysis concerning to electromigration is required for a better under-
standing of the long-term performance and variability of the proposed devices. In
this respect, sufficiently high currents and stress factors at the metal-semiconductor-
metal heterojunctions need to be considered, which in turn leads to an increase in
the junction temperature at the metal-semiconductor interface. Attributed to the
thermally induced solid-state exchange mechanism, this accelerated testing proce-
dure might cause structural changes in the metal and/or semiconductor. [328]

A recent work entitled "Reliability of Reconfigurable Field Effect Transistors: Early
Analysis of Bias Temperature Instability” (presented at IPFA’24) by Galderisi et
al. elaborates on first principles for investigating bias temperature instability in
RFETs, which might be of significant relevance in terms of considering low-
and high-temperature charge carrier transport in the proposed Al-group IV SBFETs
and its effects on the threshold voltages.

Utilizing Al-group IV SBFETs for emerging devices

Applying the gained insights on the structural and electrical characteristics of the Al-Si,
-Si;_xGeyx and Ge based SBFETs, allowed the derivation of specific nanoelectronic appli-
cations, which are summarized in the following.

Attributed to the symmetric nature of the n- and p-type SBs in the Al-Si material sys-
tem, the first Al-Si based RFET and realized basic logic circuits were investigated. In
this context, a three TG RFET architecture was used to dynamically switch between n-
and p-type operation, achieving a I2,/IP ratio of 0.4 without the introduction of addi-
tional measures. Notably, the symmetry also gets evident in Vt?l/ P with values of 0.36 V
and —0.7V, exhibiting a ratio of ~2 and S™/P with values of 280 mV /dec and 290 mV /dec.
Using output Ip maps enabled the evaluation of an optimal operation point for the realiza-
tion of a complementary inverter where a symmetric supply line of |3 V| was determined.
Therefore, two RFETs in series, implemented on a single NW, where the low-side RFET
is operated in n-type operation and the high-side RFET in p-type operation, constitute
the proposed inverter. Further highlighting the flexibility of the Al-Si based RFET, a
wired-AND gate with a dual CG device architecture was realized. Notably, such multi-
CG RFETs depict a solution towards reducing the transistor count in logic circuits, e.g.,
NAND gates. Importantly, the demonstrated Al-Si based RFET exhibits a high degree of
flexibility that is favorable for the implementation of reconfigurable electronics.
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The realized logic gates feature a high potential for co-integration with CMOS technology
and might provide an essential step towards "Beyond CMOS” concepts enabling diversi-
fication and alternative computing paradigms.

Using an RFET gating architecture on the Al-Ge based SBFETs allows distinct tunabil-
ity of the NDR region. In this context, the PG voltage enables modulation of the PVR,
whereas the CG voltage enables shifting of the NDR region with respect to the applied bias
voltage. Further, integrating these multi-gate Al-Ge based SBFETs in a cascode circuit
achieves an I/V characteristic exhibiting a "double” NDR feature. In the scope of "Beyond
CMOS” technology, the proposed Al-Ge based NDR devices exhibit a CMOS-compatible
add-on platform for the realization of logic functions, e.g., based on MOBILE or MVL
concepts, and even reconfigurable electronics .

Due to the T-dependency of distinct charge carrier transport mechanisms, in relation to
the n- and p-type SB, a two-terminal device, i.e., a SBFET with connected gate and drain
electrodes, was adapted as a thermometer and characterized in terms of TCR. Notably,
connecting the gate and drain electrodes of the Al-Ge based SBFET enables a diode char-
acteristic, where in reverse operation (electron dominant regime), T-dependent TE dom-
inates. In contrast, in forward operation (hole dominant regime), a weak T-dependency
due to FE, associated with strong Fermi level pinning close to the valence band of Ge, is
evident. Consequently, bias-dependent TE and FE charge carrier transport mechanisms
can be set, reaching TCR values between —0.3 % /K and —3.8%/K in the temperature
range of 125K to 150 K. Importantly, in the hole dominant regime, a TCR of near 0 % /K
is achieved, which is a desired property for transistor and logic gate applications. Further,
this leads to the possibility of co-integration paradigms on the same platform, whereas
merely the applied bias determines its functionality.

Attributed to the use of NWs and its associated drawbacks in deterministic and precise po-
sitioning as well as large-scale integration feasibility, the following discusses latest insights
on Al-group IV top-down integration approaches.

Top-down fabrication of SBFETs

As introduced in Section 2.1.3] NWs bear a particular challenge regarding precise posi-
tioning on the substrate, hindering extensive circuit integration. Therefore, in the scope
of the PhD thesis at hand, Section proposes a device realization based on nanosheets
fabricated from GeOI. A significant advantage of this top-down approach is the flexible
positioning of the fabricated nanosheets, which further supports the realization of more
complex circuits and their wafer-scale integration. Another essential advantage is the ca-
pability of developing self-aligned processes as already established for the NiSi-Si material
system.

In the scope of top-down fabricated Al-group IV based SBFETs, Wind et al. demonstrated
the solid-state exchange mechanism on Al-Si nanosheets based on SOI [RB2] and on Al-Ge
nanosheets fabricated from GeOl.
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In particular, on the basis of the Al-Si material system, due to its inherently symmetric
n- and p-type SBs, an RFET-based full adder was recently realized, demonstrat-
ing the potential to fabricate more complex logic circuits. Concerning Al-Si;_,Gey
and -Ge based SBFETs, Fuchsberger et al. achieved remarkable results in terms of on-
current symmetry required for the realizations of RFETs. Therefore, a device
architecture with molecular beam epitaxy grown Si;_Geyx and Ge layers on SOI wafers,
which are capped with a thin Si layer, were used. Notably, the Si capping layer allows the
fabrication of SiO9 by thermal oxidation, preventing the formation of native Ge oxides.
Moreover, applying a solid-state exchange mechanism by RTA leads to the formation of an
Al-Si-Ge/Si;_x Gex multi-heterojunction, serving mid-gap Fermi level pinning due to the
formation of a Si inter-layer between the Al and Ge/Si;_xGeyx. Consequently, Al-Si;_,Gex
and -Ge based RFETs were realized, overcoming the issue of strong Fermi level
pinning close to the valence band of Si;_yGeyx and Ge, but accessing the enhancements
provided by the use of Ge. Moreover, NDR in the proposed Al-Ge based SBFETs was
exploited by Fuchsberger et al. as well, demonstrating a significant step towards reconfig-
urable NDR logic. [334]
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Appendix A

Additional Insights on Al-Group
IV SBFET

The following provides additional results and experiments obtained from investigations on
the Al-Si and Al-Ge based SBFETs. Note that, if not otherwise stated, top gated SBFETSs
are considered. Additionally, supporting information concerning the Al-Si based RFET
realization and its associated logic circuits is given.

A.1 Al-Si based SBFET

Fully exchanged Al-(Si) NW [RB2]

For extended annealing, the NW appeared to be composed of pure Al with a resistivity
p = (6.341.2) x 1078 Qm, which is less than three times larger than that of bulk Al
and can be attributed to a size effect given by the increased surface scattering in NWs
compared to bulk. Figure shows the resistivity of such Al NWs obtained from
two-point I/V measurements in the temperature range between T'= 77.5K to 400 K. In
agreement with the decrease of phonon scattering at lower temperatures of metals,
a decreasing resistivity of such Al NWs was found. Importantly, as the resistivity of the
obtained Al NWs is approximately five orders of magnitude smaller compared to the used
Si NWs, which have a resistivity of p = (2.2 4+ 1.2) x 103 Qm, the parasitic resistance of
the Al leads to the Si channel should be negligible. Further, remarkably high breakdown
current densities of Jiax = (1.040.1) x 102 A /m?, comparable to Ni,Si;_-Si NWs, were

obtained. [166]
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Figure A.1: T-dependent resistivity p of an Al NW in the range from T = 77.5 K to 400 K obtained
from the proposed Al-Si exchange at T = T73K. Attributed to a decrease in phonon scattering at
lower temperatures in metals, a lower resistivity is acquired at lower temperatures.

Transfer characteristic of a back gated Al-Si based SBFET [RB2]

Figure shows a typical transfer characteristic at Vpg = 1V and T = 295 K of a back
gated Al-Si based SBFET with a length Lgc = 1 pm and a diameter dyw = 80 nm. Sweep-
ing the voltage at the back gate electrode Vg first from 40V to —40V and consequently
back to 40 V reveals a distinct hysteresis, which is certainly higher in comparison to the
top gated SBFET with hysteresis values in the 10 mV-regime (cf. Section . The
increase of the hysteresis can be attributed to charging effects and a different trap state
behavior of the back gate oxide. ,

Transfer characteristics under pulsed Vg conditions

Figure shows forwards and backwards sweeps of an Al-Si based SBFET under pulsed
Vre conditions with 1ms and a base voltage of 0V. Hence, allowing to exclude any
charging effects caused by the top gate. In this respect, no distinct hysteresis could be
extracted.
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Figure A.2: Transfer characteristic of a back gated Al-Si based SBFET acquired by a forwards
and backwards sweep of Vg from 40V to —40V and vice versa at Vpg =1V and T = 295K. In
contrast to a top gated SBFET, a dedicated hysteresis becomes evident.

m 3 L 10
I ——Vps=025V——Vpg=1V |F
100u] — Vos =08V ——Vps=15V|E
——Vpg =075V —— Vg =2V

4 2

0 2
Vi (V)
Figure A.3: Transfer characteristics of an Al-Si based SBFET under pulsed Vg conditions with

1ms, a base voltage of 0V and acquiring 202 measurement points per Vps. Analyzing the hysteresis,
extracted from the forwards and backwards Virg-sweep, no distinct hysteresis can be extracted.
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Chapter A: Additional Insights on Al-Group IV SBFET

T-dependent transfer characteristics of an Al-Si based RFET

Figure [A.4] shows the T-dependency of the proposed Al-Si based RFET in the T-range of
295K to 400K at Vps = 1V. Correlating to the obtained insights in Section Iog
increases gradually with higher temperatures by about two orders of magnitude, which
can be attributed to thermally excited charge carriers and the domination of TE in the
off-states. Moreover, I(I;I{p increases with elevated temperature, indicating dedicated SBs.

1m r 10
— T=205K T=360K| f
100H4 — T=320K —T=380K| k10°
'R = _
100n +
2‘ 10N 4
\-,; 1n 4
100p <4
10p1
1p 4
100f 4 .
Vo=1VE
10f - k107
3 vs=0vz10
1 —T——
-4 4

-2 0 2
VCG (V)

Figure A.4: T-dependent n- and p-type transfer characteristics in the T-range between 295K
and 400K of the proposed Al-Si based RFET. Notably, up to 400K, distinct RFET functionality

s proven.

Influence of different Vpg and Vp polarities

Figure shows the influence of (a) positive and (b) negative bias polarity Vp on the
RFET characteristics. Firstly, considering Figure (a), shows that a "fanning” of the
transfer characteristic in the p-type operation occurs. In general, such a ”fanning” is a
typical characteristic in SBFETs, as the charge carrier injection mechanism relies on tun-
ing the energy landscape of the semiconductor. Applying a positive Vp and setting
Vs = 0V leads to a negative shift of the drain potential in relation to the source potential.
Thus, electrons (positive Vpg) are injected from source, which remains constant. Conse-
quently, no "fanning” occurs. In contrast, holes (negative Vpg) are injected from drain,
which is varied between 0.25V and 1V, resulting in constant change of the injection ca-
pabilities, leading to the observed "fanning”. Figure (b) shows the same characteristic
for negative Vp, where the n-type SB is tuned, resulting in a "fanning” for the n-type
transfer characteristic.
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Figure A.5: n- and p-type transfer characteristics of an Al-Si based RFET for (a) positive Vi and
(b) negative V. Notably, a "fanning” becomes evident for non-matching Vpe and Vi polarities,
due to changed injection properties caused by changing Vp and keeping Vs constant. Consequently,
a Vp-dependent Viy, is existent.

Visualization of operation regimes of the Al-Si based RFET

Figure shows the output maps for symmetric |3 V| biasing, where (a) n- and (b) p-
type operation modes are illustrated. With respect to the implementation of the proposed
Al-Si based RFETs into logic circuits, symmetric voltage levels are desired, allowing its
operation from a single power supply.

Al-Si based RFET inverter with |2V| bias

Figure @ shows the transient Vin and Voyur characteristic of the Al-Si based RFET
inverter, in case of using |2 V| bias, instead of |3 V|. Consequently, no distinct charge carrier
separation is achieved, leading to undefined off-states. In other words, an insufficient band
bending leads to the non-existent inverter functionality.
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Figure A.6: Output maps of the proposed Al-Si based RFET, allowing the evaluation of the
operation regimes under symmetric bias conditions (here: |3V|]) of Vb, Vpg and Vg, which is
desired for its implementation in logic circuits. (a) and (b) show the corresponding maps for n-

and p-type operation.
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Figure A.7: Analysis of the Al-Si based RFET inverter, considering an input voltage of |2V|.
Due to weak band bending, the charge carrier transport cannot be prohibited, leading to insufficient
charge carrier blocking. As indicated by the solid green and dashed blue line, charging effects also
occur, as the transport of charge carriers is not strictly separated.
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A.2 Al-Ge based SBFET

Influence of BG and TG on an Al-Ge based SBFET In general, using a top gate
(TG) in combination with a back gate (BG) allows electrostatic gating from two different
perspectives. Notably, this concept may also be used for the realization of RFETs,
as discussed in Section In this context, Figure shows the influence of applying a
VB@ bias on the transfer characteristic of an Al-Ge based SBFET. Sweeping Vg from 5V
to —5V and vice versa shows that Vpg in the range between 30 V and —30V merely has
a minor impact on 1P and on the hysteresis [cf. Figure a)], but does not lead to a
significant change in the characteristics. Note that due to the NW architecture, the weak
BG influence can be attributed to the dominance of the Q-shaped TG, which ”overrules”
the electrostatic gating effect from the BG.
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Figure A.8: (a) Transfer characteristic of an Al-Ge based SBFET, sweeping Vg and setting
different V. The upper right inset shows a zoomed view of IP , where merely a weak impact
on the current becomes evident with tuning Vpg. Moreover, the hysteresis is affected, due to
different charge carrier trapping conditions induced by the application of a BG bias. (b) Transfer
characteristic, sweeping Vpg from 40V to —40V and vice-versa, showing that no sufficient band
bending can be achieved, due to the dominance of the TG.
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Chapter A: Additional Insights on Al-Group IV SBFET

Transfer characteristics under pulsed Vg conditions

Figure shows T-dependent transfer characteristics obtained from a forwards and sub-
sequent backwards sweep of Vg starting at 5V. Notably, an insignificant hysteresis up
to 350 K indicates a reduced density of trap states, which can be attributed to the use
of DPG for the Ge NW growth. At I,g a minor hysteresis becomes evident, which is
most likely attributed to thermally excited charge carriers, i.e., TE, overcoming the SB.
In the p-branch the hysteresis might be attributed to recombination of trapped electrons.
Importantly, I(r)lr{p and its T-dependency are in accordance with continuous measurements

presented in Section
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Figure A.9: T-dependent transfer characteristics in the range between 77.5K and 400K of the
proposed Al-Ge based SBFET under pulsed Vrg conditions with 1ms and a base voltage of 0V.
The noise floor is indicated by the black dashed line at 100 pA. Notably, up to 350K no substantial
hysteresis becomes evident.
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Simulation of charge carrier population of conduction bands concerning NDR
Figure shows first simulation resultsEl considering Fr = 0.6 eV, indicating the Fermi
level pinning close to the valence band of Ge as evident in the Al-Ge material system.
For the simulation, an intentionally un-doped Ge nanosheet with a thickness of 4 nm is
considered. Figure a) shows the relative charge carrier intensity n;j/nrt, with n;
being the intrinsic charge carrier concentration and nr is the increase of the charge carrier
concentration, due to thermally excitation. Note that kg7 on the x-axis is associated
with the applied bias. In this context, it can be seen that by increasing the bias, the
charge carrier concentration in the L-valley decreases and increases in the X-valley, which
can be associated with the transferred electron effect, responsible for the exhibition of
NDR in Ge. Moreover, Figure (b) shows the corresponding mobilities in the L-,
X- and I'-valleys, where the total mobility decreases for increasing the bias, as expected
for the exhibition of NDR. Finally, Figure (c) shows the combined charge carrier
concentration and mobility plots of the considered conduction band valleys, which further
supports the previously discussed physical mechanism responsible for the exhibition of
NDR. Notably, the charge carrier concentration and mobility in the I' valley (direct band
gap of Ge) do not contribute significantly, as already proposed in Section m

! The presented simulation results were obtained by Dr. Felipe Murphy-Armando at Tyndall Photonics,
University College Cork, Ireland in cooperation with Dr. Alois Lugstein and Dr. Masiar Sistani.
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Chapter A: Additional Insights on Al-Group IV SBFET
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Figure A.10: Calculation of the (a) relative charge carrier concentration ni/ny, (b) the electron
mobility in the relevant conduction band valleys, and (c) the combination of both. In the scope of
the simulations the L-, X- and T'-valleys are considered. As illustrated in the inset, the transferred
electron effect is expected to occur from the L- to the X-valley.
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Influence of V¢ sweep direction on transfer characteristic

Figure shows differences when sweeping from (a) Vprg = 5V to — 5V or (b) sep-
arating the Vpg-sweep direction from 0V to 5V and 0V to —5V. The shown transfer
characteristics were extracted from Al-Ge based SBFETSs, fabricated from Ge-on-insulator
(GeOlI), and were evaluated in the scope of TCR investigations, presented in Sectionm
It is assumed that capacitive as well as charge trapping effects lead to the observed be-

havior.
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Figure A.11: T-dependent transfer characteristics of an Al-GeOI based SBFET, where a (a)
sweep from Vpg =5V to —5V and a (b) sweeps from Viog =0V to 5V and Vo =0V to —5V
are shown. Notable IS,{" as well as Iog are not directly affected. However, threshold voltages Vt?l/p

and the S™P are directly affected, due to a variation of occupation of charge carrier traps.
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Appendix B

TCR on SOI based Nanosheet
SBFETSs

In the following, the first results of a bias-tunable TCR on the basis of Al-Si based SBFETs,
realized from Silicon on insulator (SOI), are presented. In this context, the dedicated n-
and p-type SBs evident in the Al-Si material system promise bias tunability of the TCR
over a wider Vpg range compared to the Al-Ge material system. In this context, TE
depicts the considerable operation regime enabling a bias-tunable TCR, due to its strong
T-dependency. For the characterization, the same approach as discussed in Section
was used, also with respect to the device wiring with Vp = Vpg. Importantly, the presented
data of the Al-Si based SBFET require a more thorough data processing and analysis.
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Chapter B: TCR on SOI based Nanosheet SBFETs

I/V characteristics of the proposed Al-Si based "TCR” SBFET

Figure shows the acquired T-dependent 1/V characteristics of the Al-Si based SBFET
in TCR bias-tunability configuration, i.e., electrically connected drain and top gate elec-
trodes. Moreover, the temperature range between 295 K and 400 K is considered, whereas
at T' < 295K, Ip reaches the noise floor, hindering the extraction of distinct current val-
ues. The distinct T-dependent steps in the p-branch might be attributed to non sufficient
band bending and dominant TE, whereas at a certain (threshold) Vp = Vpg ~—1.2V, FE
starts to dominate.
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Figure B.1: T-dependent I/V characteristics in the temperature regime between 295K and 400K,
where a steady increase of |Ip| becomes evident for increasing the temperature. Notably, in the
p-branch a dedicated separation is observable, which can be attributed to dominant TE. At T <
295K no distinct Ip values can be extracted due to limitations of the measurement equipment, i.e.,
reaching the noise floor.
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Vrg-dependent TCR of Al-Si based "TCR” SBFET

Figure a,b) shows extracted TCR values of the p- and n-branch, as illustrated in Fig-
ure Notably, a bias-tunable TCR becomes evident over the investigated Vp = Vg
range between —2.25V and 2.25V. Thus, demonstrating distinct n- and p-type SBs in
the Al-Si material system. Remarkably, even at elevated temperatures TCR values in the
range between ~0 % /K and ~—3.5K are extracted.
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Figure B.2: TCR curves extracted from T-dependent I/V characteristics of the (a) p-branch with

Vb = Virg < 0V and (b) n-branch with Vb = Vipg > 0V. Notably, even at elevated temperatures
bias-tunable maximum TCR values in the range between —0.1 % /K and —3.5%/K are acquired.
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