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Abstract

T
his thesis addresses the main challenges in using III-V nanowire
MOSFETs for high-frequency applications by building a III-V
vertical nanowire MOSFET technology library. The initial device

layout is designed, based on the assessment of the current III-V vertical
nanowire MOSFET with state-of-the-art performance. The layout provides
an option to scale device dimensions for the purpose of designing various
high-frequency circuits. The nanowire MOSFET device is described using
1D transport theory, and modeled with a compact virtual source model.
Device assessment is performed at high frequencies, where sidewall spacer
overlaps have been identi�ed and mitigated in subsequent design iterations.
In the �nal stage of the design, the device is simulated withf T > 500 GHz,
and f max > 700 GHz.

Alongside the III-V vertical nanowire device technology platform, a
dedicated and adopted RF and mm-wave back-end-of-line (BEOL) has
been developed. Investigation into the transmission line parameters reveals
a line attenuation of 0.5 dB/mm at 50 GHz, corresponding to state-of-
the-art values in many mm-wave integrated circuit technologies. Several
key passive components have been characterized and modeled. The device
interface module - an interconnect via stack, is one of the prominent
components. Additionally, the approach is used to integrate ferroelectric
MOS capacitors, in a unique setting where their ferroelectric behavior is
captured at RF and mm-wave frequencies.

Finally, circuits have been designed. A proof-of-concept circuit, designed
and fabricated with III-V lateral nanowire MOSFETs and mm-wave BEOL,

v



validates the accuracy of the BEOL models, and the circuit design. The
device scaling is shown to be re�ected into circuit performance, in a
unique device characterization through an ampli�er noise-matched input
stage. Furthermore, vertical-nanowire-MOSFET-based circuits have been
designed with passive feedback components that resonate with the device
gate-drain capacitance. The concept enables for device unilateralization
and gain boosting. The designed low-noise ampli�ers have matching points
independent on the MOSFET gate length, based on capacitance balance
between the intrinsic and extrinsic capacitance contributions, in a vertical
geometry. The proposed technology platform o�ers �exibility in device and
circuit design and provides novel III-V vertical nanowire MOSFET devices
and circuits as a viable option to future wireless communication systems.
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Popular Science Summary

H
ave you ever wondered what is inside your electronic gadgets?
Nowadays, we became used to the advanced functionality of mobile
phones, the very fast internet in our homes and a great connectivity

as we move. All this comes from decades of development in the �eld of
information and computer technology (ICT). And the drive in the �eld is
to make the experience for the users be as seamless as possible. Such end
goal forces the ICT systems to be ever-more complex and to handle an
increasing amount of datainstantly. In the core of this data processing lie
units that are widely known as computer chips.

Looking into those chips, we �nd something you can imagine as a
highway for signals, but on many levels, and some ten thousand times
narrower than a strand of hair. We would be observing nanoscale electronic
circuits, the greatest engineering achievement of the modern world! Below
this interconnect 'highway' lies a nano-engineered surface where tiny
electronic transistors are embedded. They are the brain of the chip and
they use the 'highway' of interconnections to make complex decisions.
These electronic transistors are organized according to their functionality,
which allows us to imagine the inside of a chip as an array of smaller blocks
executing speci�c tasks. They are known as electronic circuits. Those that
are interesting, from the aspect of this thesis, are those that enable us
to communicate with the outside world. The electronic transistors used
in these circuits handle radio signals landing onto antennas hidden in our
phones, computers, or any other wireless devices.
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The challenge in designing these communication systems lies in the
internal design of the nano-scale electronic transistor, for the purpose of
handling these radio signals. The traditional transistors are limited in their
speed of operation, so a novel approach is needed. The transistor presented
here has a design that would push this speed limit further. The transistor
shape is rather unusual - it is a vertically-standing nanometer-scale wire,
or a pillar, as opposed to the ones embedded in the surface of the chip. The
choice of suchnanowire structure is motivated by an increased performance
due to a freedom to choose materials and the nanowire shape more easily.
The goal is, much like with traditional embedded transistors, to create the
same type of circuitry as in the dense computer chips used today.

This thesis ties the investigation of such nanowires to the implementation
of speci�c materials, so that resulting devices perform better than the indu-
stry standard in some aspects. The core research is in the organization and
e�ciency of nanowire transistors, and in the building blocks that enable the
nanowire electronic circuits, towards achieving the ever-advancing wireless
communication systems. A way forward is created for nanowire transistors,
with exploring limits in their design and functionality. This makes them
compatible with building complex systems that exceed current wireless
standards (up to 6 GHz), going towards the radar, and the very high-speed
electronics (10s to 100s of GHz). Hence, the vertically-standing nanowires
are an interesting option to investigate, since the future of our society will
eventually use those 100s of GHz for the data transfer, and to support the
increased inter-connectedness.
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Preface

T
his thesis represents nearly �ve years of work in creating a suitable
technology platform for design and simulation of III-V nanowire
devices and circuits, at high frequencies. The work also represents

a collaboration within the Nanoelectronics group at Lund University,
supervised by ProfessorLars-Erik Wernersson, ProfessorErik Lind , and
Dr. Lars Ohlsson Fhager.

STRUCTURE OF THE THESIS

The thesis is divided into several parts. First, a survey of the �eld
is provided, conveying the message through discussion of circuit design
strategies, ending with a performance benchmark for state-of-the-art device
technologies. In the following section, a description of the III-V nanowire
MOSFET technology platform is given. The focus lies in the device
ballistic transport properties and compact modelling, as well as the layout
organization of test vehicles, including the integration of structures for
process monitoring. The third chapter describes the associated back-end-
of-line. The most of the experimental work is presented in this chapter,
through characterization of di�erent passive components. The �nal chapter
describes the usage of the technology platform and the device design to
form a basis for the circuit design and realization, as well as benchmark
against established technologies.

ˆ INTRODUCTION
The Introduction provides a comprehensive and more general view
of the thesis topic. The major points are described in detail in the
publications related to this thesis. It is written in a way to appeal to
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broader audiences and attract interest of students and researchers in
this speci�c �eld.

ˆ APPENDICES

A Optimum Matching Network Design
Appendix A describes the optimum matching network design
procedure, based on theoretical concepts that take into account
transistor input and output quality factor and the set matching
level, with the aim to maximize the available bandwidth. It forms
a basis for circuit simulation and realization.

ˆ PAPERS
The papers, reproduced in the back of the thesis, are listed in the
following. For some of the works, an input, weather as samples or
model parameters, have been provided by Olli-Pekka Kilpi, Fredrik
Lindelöw, Adam Jönsson, and Anton Persson.
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The following papers form the structure of this thesis. These include jour-
nal papers and conference contributions, as well as works in a manuscript
form. The respective papers and drafts are included in the back of this
thesis.
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doi: 10.1116/1.5121017.
I I carried out standalone BEOL fabrication as well as the BEOL
fabrication on top of test devices, performed device and test structures
measurement and analyses, and wrote the paper.

Paper II: S. Andric , L. Ohlsson, and L.-E. Wernersson , �Low-
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performed measurements and data analyses, and wrote the paper.
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1
Fundamentals of RF Circuits

O
ur modern world is built around the fundamentals of communi-
cation using radio signals. Such communication systems enable
us to transfer a large amount of information over vast distances.

The system itself is built from circuits, electronic units with a specialized
functionality. The �rst section of this chapter addresses the perspective of
the design of radio signal-handling circuits using an electronic transistor,
with a focus on frequency of operation. The next section dives into the
core of many modern radio circuits out there - the nanoscaleMetal-Oxide-
Semiconductor Field E�ect Transistor (MOSFET). Some of the basic
properties are addressed, including transistor's nanoscale geometries. The
chapter ends with a transistor state-of-the-art performance benchmark,
which also provides a motivation for this thesis.

1.1 ABOUT CIRCUIT DESIGN

The electronic circuit represents a set of electronic components that can
control electric impulses, or signals, which are a part of the electromagnetic
spectrum, and are described as travelling waves. The spectrum of inter-
est for electronic applications encompasses radio waves and microwaves,
typically found at wavelengths between a few hundred km, down to a few
µm, and correspond to frequencies ranging from a few kHz up to several
hundred GHz. Various materials are used to capture speci�c properties
of these waves, and to process them without distortion, or loss of the
information they carry. These materials will, ultimately, build individual
electronic components and with them, the electronic circuits and systems.
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III-V Nanowire MOSFET High-Frequency Technology Platform

The core of these electronic circuits is anactive component - an electronic
transistor. Typically, it is made from a semiconducting material, and allows
for transformation of the input electronic signals into the stronger, output
signals. The e�ect is known as signal ampli�cation. It revolutionized the
world of electronics since this functionality proved to be an e�cient way
to transform signals and to manipulate them through integration of many
transistor components. Electronic transistors are three- or four-terminal
components, where one set of terminals is used as a controlling input, while
others are used for the generated desired output. The electronic signals
transistors manipulate are electrical current or voltage signals, or power
waves at high frequencies. In essence, transistors are behaving like non-
ideal current switches, and their non-idealities give rise to a range of e�ects
that have been a subject of study for decades.

A representative circuit that utilizes electronic transistors will be
designed di�erently based on the application for which the circuit is
intended, or at which end of the frequency spectrum it operates. In
principle, a combination of active components (electronic transistors), and
various passive components (resistors, inductors, capacitors, transformers,
and transmission lines), provide a speci�c functionality to the circuit.
Fig. 1.1 shows some typical design examples of signal ampli�ers for
di�erent frequency ranges, showcasing di�erences in design procedures at
di�erent operation frequencies. Fig. 1.1(a) illustrates the simplest case
- a low frequency circuit, where the resistance values control the circuit
operation. In the next stage (Fig. 1.1(b)), more reactive components
will be needed to suppressthe phase shift in the signal, which starts to

Figure 1.1: An example of various circuits with an electric transistor: a)
low-frequency (kHz range), b) intermediate frequency (MHz range), and c)
high frequency (GHz range) circuit. All circuits show arrangement of di�erent
components, to achieve signal ampli�cation, with each version being more complex,
ultimately resulting in distributed components (transmission line segments).
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1 Fundamentals of RF Circuits

appear as the frequency of operation increases. Therefore, inductors are
used. Additionally, an e�ort to stabilize and isolate the circuit is made,
with added capacitors and a resistive feedback loop. Finally, the high-
frequency design is the most interesting, and the most sensitive to the
e�ects addressed in the Fig. 1.1(b). Here, distributed components are used,
those that allow for amplitude and phase change along the dimensions of
the component. Fig. 1.1(c) shows an implementation with distributed
transmission line components. The distributed e�ects will be addressed in
detail in the following chapters.

1.2 NANOSCALE MOSFET AS A RADIO DEVICE

At the core of many modern integrated radio circuits we �nd the nanoscale
MOSFET, a device with some unique properties. Although the device
concept was developed almost a century ago, it was brought to life only
some 60 years ago with several discoveries following discrete transistor
components [1�5]. An integrated version has been introduced to the world
in '74, marking an important milestone for scaled devices and circuits, as
well as for computing and signal processing [6, 7]. Following these �rst
�ndings, an industrial development has followed hand-in-hand, enabling
our modern society to bene�t from the technology ever more. Particularly,
mobile, or wireless communication development has come alive with the
use of these integrated devices. The basic properties of modern nanoscale
MOSFETs are given in the following subsections.

1.2.1 MOSFET BASIC DESIGN AND OPERATION

The nanoscale MOSFET is created bynanoengineeringa device structure
that contains three, or four terminals named gate, source, drain, and bulk
(or body). In the device core is the semiconductingchannel. The gate, and
the body control the channel electrostatically, through capacitive coupling,
and are considered input terminals. The output, that are the source and
drain terminals, are resistively coupled, and conduct current based on the
state of the input terminals. This signi�cant di�erence in the coupling
behavior of the input and output regions of the device results in a signal
manipulation that is heavily based on the properties and dimensions the
semiconductor material, as well as on how the material is integrated into
a nanoscale device.

The MOSFET operation relies, among other things, on doping of the
semiconductor by impurities . Introducing atoms of the speci�c elements
into the semiconductor crystal will create an excess of charges that can
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contribute to a reduced resistance. Source and drain terminals of the
radio MOSFET are typically in excess of electrons, that participate in the
electron transport in the device. Such devices are namedn-type MOSFET,
or nMOSFET for short. Fig. 1.2(a) shows such a MOSFET with doped
regions integrated into the semiconductor. The capacitive coupling of the
input terminals is achieved via a gate insulator, separating the channel and
the gate electrode. An alternative approach is to integrate a metal electrode
directly on the pure (undoped) semiconductor, creating an energy barrier,
arising due to the di�erence in electron a�nity between the materials
(Schottky barrier). Both technology options exert an electric �eld over
the channel and thereby control the channel conductivity by attracting or
repulsing charges from the gate-semiconductor interface.

Figure 1.2: Overview of basic MOSFET design and operation: a) device
illustration, showing highly doped drain and source region, channel, gate oxide
and contact metals. b) Transfer plot of drain current and transconductance, and
c) output plot of typical high-performance nanoscale MOSFET, with important
parameters noted.

The current �ow in the drain terminal, known as drain current I D , is
used to characterize the device operation. Fig. 1.2(b) depicts such a case,
and it is known as a transfer plot, since it shows the dependency ofI D on
the input gate-source voltageVGS , for a set of drain-source voltageVDS
values. Two di�erent states are identi�ed: the o�-state, where the current
level is low and has an exponential behavior, and the on-state, where the
current has a signi�cant value and changes in a quadratic/linear relation.
The border between these two states of operation is characterized by a
threshold voltage, or VT . The most important metric in radio device is the
slope ofI D , or transconductancegm . It is a derivative of the drain current
with respect to the gate voltage, or gm = @Id/ @Vgs, and is a measure of
the ampli�cation capabilities of radio signals in a MOSFET.

If I D is measured at di�erent VDS , while VGS remains constant, the
output characteristics can be obtained, as shown in Fig. 1.2(c). Two
distinct regions of operation are identi�ed in this case as well. They
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are named the triode (or resistive) region, and the saturation region.
The resistive region is observed for smallVDS , where the current-voltage
relationship is linear. The value of this resistance, theRON , is determined
by the gate voltage, and its value will saturate asVGS increases. In the
case of higherVDS , the current �attens out. The electric �eld on the drain
side pinches o� the conduction in the channel and creates a barrier that
electrons cannot overcome, thus �attening the current. More prevalent
nowadays, in devices with short gate-length, is that the channel pinch-o�
does not happen since the high electric �eld causes electrons to scatter in
the channel, thus limiting their velocity (velocity saturation). The pinch-o�
occurs mostly for low VGS . The ability for current to remain constant is a
measure of the gate electrostatic control over the channel. The slope of the
current in this region, known as output conductance, orgd = @Id/ @Vds, is
also a measure of the quality of the device. The MOSFET intrinsic gain,
or self-gain gm / gd, as well as transconductance e�ciency, orgm / I D , are
also important metrics in the analog and radio MOSFET, and determine
the extent of the device operation.

1.2.2 SCALING OF RADIO MOSFETS

To improve on the MOSFET density and performance, reducing the device
size is a proven method. The rules for device scaling are known asDennard
scaling rules [8]. Together with the now famousMoore's law, they formed
a basis for de�ning scaling trends for future technology nodes, from an
economic, as well as technological perspective [9]. According to Dennard
scaling rules, the device dimensions and the operating voltages are scaled
by a factor, e�ectively reducing the power consumption, while improving
on the device performance [8]. However, the power density in the device
would dramatically increase. Therefore, after almost two decades, this
original rule has been replaced with an alternative approach that does not
scale the device power density [10]. The optimization of the source/drain
contacts, a gate insulator dielectric, and spacers was addressed instead.
The electrostatic control of the channel is challenged in every iteration of
gate length reduction, and eventually, the gate starts losing control over the
channel potential due to penetrating electric �eld from the drain terminal,
commonly known as a short-channel e�ect. This makes the device intrinsic
gain, a crucial factor for analog operation, diminish.

In Fig. 1.3, geometry variations are depicted, showcasing considered
approaches to solving scaling and performance bottlenecks of today. MOS-
FETs are illustrated with regions consisting of highly-doped semiconductor
contacts, the intrinsic channel surrounded by a gate insulator (high-� ),
and a patterned gate contact metal cover. Device spacers, drain/source
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Figure 1.3: Illustration of nanoscale MOSFET structure, showing integrated
transistor with relation to the substrate, consisting of n+ contacts, intrinsic
channel (marked with gate length L G ), high-� insulator and gate metal, isolated
with STI. MOSFETs are shown in various geometries: a) bulk, or planar, b)
SOI MOSFET, c) FinFET, d) lateral GAA MOSFET, and e) vertical GAA, or
nanowire MOSFET.

contact metals and enveloping low-� dielectric (passivation) are omitted,
for clarity. The two planar approaches, shown in Fig. 1.3(a-b), are bulk,
and Si-On-Insulator (SOI) MOSFET geometry, respectively. They rely on
semiconductor having a direct connection to the substrate, or are attached
to the substrate with an insulating layer, known as a buried oxide, and
isolated with a shallow-trench isolation (STI). The next stage in device
geometric development are, among others, lateral devices, which utilize
the existing planar technological solutions. They include the FinFET/tri-
gate MOSFET (Fig. 1.3(c)), and lateral gate-all-around MOSFET (stacked
nanosheets, Fig. 1.3(d)) [11,12]. The semiconductor channel is shaped as a
very thin semiconductor �n and wrapped from more than one side with gate
metal. The gate electrostatic control is then greatly improved, enabling
further scaling. Recently, the FinFETs/tri-gate MOSFETs further show
improvement in the high-frequency performance, which will be discussed
in the next subsection.

Finally, the ultimate scaling trend leads to a semiconductor channel
formed like a nanowire, possibly shaped from a thick semiconductor layer
or grown as a wire on the semiconducting or insulating surface. They
are known as vertical gate-all-around (GAA), or nanowire MOSFETs, and
are shown in Fig. 1.3(e). The semiconductor material itself consists of a
�nite number of atoms, and the device operation has a strong in�uence of
quantum e�ects that improve on performance. The vertical nanowires are
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considered as the ultimate device scaling paradigm. They o�er additional
degrees of freedom, as the height does not limit the size of device contacts,
which need to be restricted in planar and lateral device technologies. The
vertical geometry should o�er improved electrostatic control in extremely
scaled devices, which should enable the state-of-the-art high-frequency
devices as well. However, the exact path for device design is still under
exploration and its performance limits are yet to be discovered. This
thesis will consider a speci�c �avor of these devices and reveal some of
their unique capabilities.

1.2.3 STATE-OF-THE-ART RADIO MOSFETS

The evaluation of high-frequency MOSFETs and other devices is compared
by analyzing and comparing some speci�c quality-controlling metrics.
Regarding the electrostatic control and the material quality, we discuss
values of transconductance (gm ), output conductance (gd), on-resistance
(Ron), and on-current (I on), among others. Additionally, some high-
frequency metrics are considered as well, such as current-gain transition
frequency (f T ), and maximum oscillation frequency (f max ). Details about
derivation of these important metrics are given elsewhere [13,14].

One �gure of merit that is provided in most literature is the product
of frequency and transconductance e�ciency, FoM = f 0 � gm / I on, and
is given in THz/V. Here, the cut-o� frequency geometric mean is taken,
or f 0 =

p
f T � f max , instead of individual cut-o� frequency contributions.

The transconductance e�ciency allows for evaluation of the e�ectiveness
of the charge transport in the semiconductor channel, while the cut-o�
frequencies re�ect on device structural design. Fig. 1.4 shows a high quality
gate control observed for Si-based materials, which exhibit some of the
highest values. Heterojunction bipolar transistors (HBTs) are known for a
having high transconductance as a measure of collector current (note that
current gain, � is used as a metric in HBTs), hence they exceed all other
devices in this particular metric. Their structural design allows them
to minimize parasitic capacitances, and achieve high cut-o� frequencies,
representing the best FoM of nearly 10 THz/V. The RF-optimized Si
MOSFET technologies show good FoM as well, going above 3 THz/V.

The III-V materials are very attractive for the transistor implementa-
tion, since heterostructure combinations provide �exibility in the device
design. Among these, high electron mobility transistors (HEMTs) excel in
their high-frequency performance, reaching cut-o� frequency values above
1 THz. Their control of electrostatic coupling is not as good as in the
Si-based transistors, but they bene�t from III-V materials in another way
- through high carrier velocity, giving them high currents and gm values.

9



III-V Nanowire MOSFET High-Frequency Technology Platform

Figure 1.4: Di�erent technologies high frequency quality measure - cut-o�
frequencies geometric mean w.r.t. device e�ciency ampli�cation for: Si technology
[16�20], represented by blue '+' sign, the representative SiGe HBT technology
[21], shown as pink diamond, a III-V MOSHEMT technology [22], shown as
brown square, III-V HEMT technology [23�27], shown as green circles, and III-V
MOSFET technology [28�31], represented by a red '� ' sign. Thin grey lines show
performance limit where �gure of merit reaches 1, 3, 5, and 10 THz/V.

Therefore, their FoM is signi�cant, even exceeding that of industrial-scale
Si devices, with values well above 5 THz/V. Finally, III-V MOSFETs
represent an experimental group of devices whose performance limits are
yet to be assessed. These devices combine the Si MOSFET superior
electrostatic control, with the III-V materials' transport properties and
a structural engineering that enables high gm and cut-o� frequencies.
Additionally, the III-V MOSFETs do not su�er from excessive gate leakage
when scaled, like HEMTs, or from high DC power consumption, like HBTs.
Therefore, a scaled III-V MOSFET is a viable candidate to compete with
established technologies in terms of performance. The development of
nanowire MOSFETs using III-V materials in scaled geometries have in fact
resulted in some of the best individual performance metrics [15]. Their
reported high-frequency performance currently is below 1 THz/V and it is
challenging to optimize due to complicated device processing. Therefore,
a structural optimization is needed to obtain all necessary performance
metrics at the same time, and advance their high-frequency performance.
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Platform

T
he e�ort in creating a novel nanowire MOSFET technology plat-
form requires many aspects of device design to be combined. The
main contribution to such a platform is an accurate description the

device structure. To support this e�ort, speci�c test structures need to
be designed and evaluated separately. Such test structures we callprocess
monitor structures. They are essentially semi-completed devices, with an
added probing pad or similar, which provide evaluation of a speci�c device
parameter. Typically, we need to know resistances in the source and drain
access regions and separate them from the resistance in the MOSFET
channel. Or we need an information about the gate metal resistance,
in case we need to assess high-frequency data. This information then
feeds into a MOSFET compact model, that is the core of the platform.
The following chapter contains the description the nanowire MOSFET 1D
channel transport and the compact model, as well as individual structures
used in the III-V nanowire MOSFET technology platform.

2.1 NANOWIRE MOSFETS - III-V MATERIALS AND 1D TRANSPORT

The assessment and references from Chapter 1 introduce us to the world of
the nanoscale MOSFETs. The interest in these structures has developed
over about two decades, where theInternational Roadmap for Devices and
Systems(IRDS) is establishing the future device development strategies
[32]. The IRDS report states that device scaling can be maintained with
nanowire technology and 3D integration of devices. This is motivated
by the device electrostatic control, stemming from the GAA approach,
as described in Chapter 1. Furthermore, IRDS states that such scaled
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structure may be facilitated with alternative III-V materials [33,34]. These
include compounds consisting of group III elements (Al, Ga, In), and group
V elements (N, P, As, Sb) in the Mendeleev periodic table of elements.

The III-V compounds are attractive based on their electronic properties.
A basic set of material parameters that are de�ned by the crystal structure
and electron interactions within the crystal include the e�ective mass m�

and energyband gapEg. From these, we derive other useful parameters,
such as theinjection velocity vinj , the carrier mobility � , and ultimately, the
mean-free-path � . The di�erence in injection velocity and mean-free-path
for III-V materials is quite signi�cant, when compared to more conventional
materials with the same Eg, used in the large-scale industrial processes,
such as group IV elements (Si, SiGe). This means that electrons are able
to travel large distances in the crystal lattice without interacting with their
surroundings (crystal lattice, impurities, other electrons). These material
parameters are summarized in Table 2.1.

The presented values clearly show that III-V materials have an intrinsic
advantage. Their low e�ective mass, coupled with a very high electron
mobility, and more than twice of the injection velocity, makes them very
attractive in electronic devices and circuits. The downside is the relatively
low abundance of some materials (i.e. In is a scarce element), and their
challenging implementation in industrial process schemes, since they are
typically brittle materials. This does not prevent them from �nding their
place in niche applications, where conventional, Si-based technologies have

Table 2.1: Room temperature bulk material parameters for representative semi-
conductors and semiconductor compounds [35]. Note that these values represent
theoretical values and are typically lower in fabricated devices.

Materials Si SiGea InAs InGaAsb InP GaNc

E�ective electron
massm� / m0

0.26 � 0.26 0.023 0.041 0.08 0.13

Energy band-gapEg
(e V) 1.12 1.005 0.354 0.74 1.344 3.2

Electron injection
velocity vinj (� 105

m/s)
2.3 2.4 7.7 5.5 3.9 2.5

Electron mobility � e
(cm2/ V s) 1400 2600 40000 12000 5400 1000

a28% Ge [36]; bIn0.53Ga0.47As; czinc blende.
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not yet shown su�cient performance (such as the high-frequency operation,
see Fig. 1.4). Ultimately, one could think about integration, and aligning
the III-V materials with a more conventional Si fabrication scheme. Such
integration would bene�t III-V materials as they rely on the Si platform for
stability and large-scale integration, and it would bene�t Si technology, on
the other hand, by using the advantageous properties of the III-V materials.

2.1.1 PHYSICS OF NANOWIRE MOSFETS

We begin describing nanowire geometry with the evaluation of the channel
structure, where we can assume that electrons can traverse without
scattering with the crystal lattice, while the total amount of electrons
participating in the transport is controlled by raising, or lowering the
energy barrier with the gate potential. This e�ect is known as ballistic
transport, and is illustrated in Fig. 2.1. Under such conditions, the drain

Figure 2.1: a) Schematic illustration of GAA nanowire MOSFET core, including
3D source and drain regions (electron reservoirs). The 1D channel is wrapped by an
oxide and a gate metal. b) Energy landscape of source, drain, and channel regions,
showing position of Fermi levelEF , conduction bands, and valence bands for all
semiconductor regions, including the high electric �eld drain region penetrating
the channel. Subband splitting is shown as well, together with top-of-the-barrier
energy level" (0) . Drain current I D is a combination of incident I + and re�ected
I � current, due to �nite transmission probability T . The band-to-band tunneling
current I B2B is shown as well, and can be suppressed with larger bandgap material
on the drain side.
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current of the barrier-controlled device can then be expressed as [13,37]:

I D = T (I + � I � ) =
2q
h

�

E
T (E )M (E )[f F D ,s(E ) � f F D ,d(E )] dE, (2.1)

where f F D (E ) is the Fermi-Dirac distribution function of the source and
drain regions, and q and h are physical constants. The term T (E ) is
known as transmission and describes how ballistic the device is, and is
directly related to the scattering rate. It depends on the carrier mean-free
path � , and is described by:

T =
� (E )

� (E ) + L ef f
(2.2a) where L ef f =

( L G, small VDS

kB T
qVDS

L G, large VDS .
(2.2b)

whereL ef f is the gate length correction for high drain bias, and represents
the portion of the channel where scattering re�ection can still occur. The
transmission changes withVDS since electrons are not able to back-scatter
under the presence of the high electric �eld in the channel region close
to the drain area. Even if they scatter, they still constitute a current
since they are not able to return to the source region, as shown by high
electric �eld area and bent energy bands close to the drain reservoir, in
Fig. 2.1. The mean-free-path will change as well, but is typically assumed
as energy-independent. The transmission relation will be close to unity in
a case where� >> L ef f , while in quasi-ballistic devices, � � L ef f , and
transmission has values between 0.3 and 0.8.

The M (E ) term in (2.1) represents the number of available charge energy
states that can participate in the transport, and is directly proportional to
1D density of states(DoS). It is given by [37,38]:

M (E ) = L G
h
4

vinj D1D (E ), (2.3)

where L G is the MOSFET gate length, and D1D (E ) represents the 1D
density-of-states (DoS), given as:

D1D (E ) =
1

� �h

s
2m�

E � " (0)
, (2.4)

where �h = h/ 2� is the reduced Planck constant, and" (0) is a lowest
subband energy level or top of the barrier. From (2.3) and (2.4),M (E )
gives us 1 for a single occupied subband in a scaled nanowire (few nm
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in diameter) at zero temperature, while for a typical nanowire (10s of
nm), the bands are positioned closer together, and smeared in values due
to temperature dependence of the Fermi-Dirac distribution function, thus
making this number larger. Note that the expression (2.4) is based on
parabolic band approximation, which is typically correct only for a small
energies and wave vectors. A more rigorous treatment of these expressions
would include corrections or even numerical solutions, but it is outside of
the scope of this thesis.

2.1.2 COMPACT MODELLING OF NANOWIRE MOSFETS

For the purpose of device evaluation and circuit design, a device compact
model is developed, instead of rigorously evaluating MOSFET operation
based on physical expressions. The strategy behind compact modelling
should always be to enable use of a device model in a variety of simulation
environments. It needs to represent the semiconductor behavior in a
su�ciently accurate manner, as well as to account for the environment
surrounding the device. Furthermore, the compact models are veri�ed in
circuit design and implementation, where feedback is provided to both
device design and to the compact modelling. There are many models
that consider the physical aspects of device behavior, and they rely on
many parameters to describe this behavior accurately (i.e. SPICE models).
Therefore, the selection of compact modelling environment is essential in
understanding the device operation and should be related to the physical
device description.

The compact model used to describe nanowire MOSFETs in this thesis is
based on physical parameters described in the previous subsection. It takes
into account all the aspects of the ballistic transport as well as dimensioning
the device channel, and is known in the literature asvirtual-source model
(VS model) [39�42]. The current description is similar to the relation (2.1):

I D = WGQix 0(VGS , VDS )vx0Fs, (2.5)

where WG is gate width, Qix 0 is total voltage-dependent channel inversion
charge, vx0 is the carrier velocity at the 'virtual source', and Fs is the
smoothing transition function from linear region to saturation region.
Comparing (2.1) to (2.5), we can easily come to the conclusion that
the virtual source velocity is the injection velocity, vinj , scaled by the
transmission factor T, while channel inversion charge will be given as:

Qix 0 = � q
�

E
D1D (E )f F D (E ) dE � nCinv (VGS � VT ) � , (2.6)
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where n is a subthreshold slope dependent parameter,Cinv is on-state
(strong inversion) gate capacitance, and� is a parameter that has value
close to 1 in device on-state, in case of most short-channel devices.
The channel inversion chargeQix 0 depends onVDS , through threshold
voltage, VT = VT 0 � DIBL � VDS . Finally, the smoothing function Fs
is a saturation- and mobility-dependent function that describes transition
between di�erent regimes of operation:

Fs =
V

0

DS / VDsat

(1 + ( V 0
DS / VDsat ) � )1/ �

, (2.7)

where VDsat � vx0L G / � is a gate length and mobility dependent function
that scales the saturation velocity. Here, the mobility � is not related
to the material-based parameter � e, as in a classical di�usive transport,
but should be seen as a �tting parameter. The voltageV

0

DS is intrinsic
drain-source voltage, excluding the device access resistances (V

0

DS = VDS �
I D � (RS + RD )), while � is another �tting factor that sets the shape
of the device output characteristic. Using these simple expressions, the
device complex characteristics are easily described, using only a few �tting
parameters. Such a model implementation in circuit environment becomes
rather straightforward.

2.2 LAYOUT OF NANOWIRE MOSFET

A very important segment in building the technology platform, aside from
the compact modelling of the device, is the layout design of the device
itself. A standalone device layout with electrical contacts is known as front-
end-of-line (FEOL), while the interconnect stack that is used to realize
circuit functionality is named back-end-of-line (BEOL). The smart use,
and scaling of these layouts has always been an advantage of Si CMOS
process. [43,44]. The density rules are introduced, to limit device variability
and increase yield. However, these density rules drive the reduction in the
contact area in FEOL, and increased parasitics in scaled BEOL, which may
negatively impact the device high-frequency performance. High-frequency
MOSFETs therefore require less stringent density rules to achieve optimum
high-frequency operation. Here, a speci�c process �ow and layout of III-V
vertical nanowire (VNW) MOSFETs is discussed, being a rather unique
approach to device design.

The III-V VNW MOSFET process �ow starts with an epitaxial growth
facilitated by a catalyst (Au). The intrinsic nanowire segment grows from
underneath the Au island, while the catalyst size determines the diameter
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Figure 2.2: A general process �ow of III-V VNW MOSFETs: a) formation of
InAs and graded InAs/InGaAs segment, b) semiconductor contact overgrowth
(Sn-doped InGaAs) - formation of the shell and nanowire foot, c) deposition of
vertical contact (improved contact resistance), d) removal of highly-doped shell
from channel region and gate dielectric deposition, and e) metallization, and
complete outlook of device with terminal contacts.

of the nanowire, as shown in Fig. 2.2(a). Initially, InAs segment is grown,
while subsequently Ga is incorporated, to achieve channel grading from
InAs to InGaAs. Following the grading, a Sn-doped InGaAs segment is
grown. At the same time, the material overgrows the nanowire sidewalls,
creating a core-shell structure, as shown in Fig. 2.2(b). The overgrowth of
the doped semiconductor forms low-access-resistance drain/source regions.
A protective mask is de�ned, and the top portion of the wire is covered in
metal, followed by a selective etching step that removes the metal from the
planar surface. This leaves metal on the nanowire sidewall only, forming a
large drain contact area. The vertical contact is illustrated in Fig. 2.2(c).
In the next step, a spacer is de�ned, and the area between the spacer
and the vertical contact is oxidized, after which a selective etching of the
III-V oxide is performed, to remove the highly-doped shell and expose the
intrinsic nanowire channel (Fig. 2.2(d)). The area is covered in a high-
� gate dielectric, to separate the gate electrode from the semiconductor
channel. In the �nal step, metal terminals are formed, thus �nalizing the
device fabrication (Fig. 2.2(e)). A more complete process description can
be found in [45].

These crucial steps help in understanding some advantages in the vertical
nanowire devices. The vertical placement of device terminals allows for
decoupling of the device contact regions from the device footprint, as
opposed to any laterally oriented device. Additionally, metals are routed
on three di�erent heights and have to be separated and supported by
dielectrics. This provides circuit designers with the opportunity to create
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interconnects using only FEOL layout layers, thus reducing the total
amount of necessary BEOL layers. Furthermore, the nanowires are grown
on top of the highly-doped InAs bu�er layer, grown on a high-resistivity Si
substrate. Shaping this bu�er layer into an island (mesa) enables a fully
isolated device. A layout depiction of the III-V VNW MOSFET is shown
in Fig. 2.3.

Fig. 2.3(a) shows typical two-gate-�nger III-V VNW MOSFET, intended
for RF and mm-wave operation. The most standard way of fabricating
RF devices is by patterning the gate metal into �nger structures. In
planar technologies, gate �ngers are used to create a compact device layout
and reduce the gate resistance. Additionally, in VNW MOSFETs, each
gate �nger will contain two rows of equidistant nanowires, with 200 nm
spacing between nanowires (Fig. 2.3(b)). In this way, an equal amount of
material is available for each nanowire during growth, and the spread in
the nanowire height and diameter is minimized. Finally, Fig. 2.3(c) shows
a 200 nm� 250 nm nanowire unit cell, typically with 28 nm nanowire core
placed in the right third of the unit cell. The unit cell is symmetric, to
allow for easy device routing. The dimensions are relaxed to enable low
gate resistance, while minimizing parasitic parallel-plate capacitance.

Figure 2.3: a) Layout of high-frequency VNW MOSFET with a mesa island on
which the source contact vias are placed, a gate metal with a �nger-like shape, and
a drain metal pad cover. The overlaps are reduced to minimize parasitics. b) A
zoomed-in view of a single gate �nger, showing two parallel columns of nanowires
ordered in an equidistant manner (200 nm spacing). The gate �nger width is
500 nm. c) An enlarged symmetric unit cell, sized as 200 nm� 250 nm. showing
symmetry planes, as well as the 28 nm nanowire position. The gate metal is wide,
to enable the device high-frequency operation.
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2.3 PROCESS MONITOR STRUCTURE DESIGN

During the development of the nanowire MOSFET technology platform,
the speci�c device properties need to be assessed separately. To achieve
this, process monitor structures are designed. In essence, these structures
represent a portion of the nanowire MOSFET, used for evaluation of a par-
ticular device functionality. The parameters obtained with process monitor
structures typically include contact resistances, or channel capacitances.
The key is to integrate such structures into the main process �ow.

The �rst such evaluation structure is a transmission-line measurement
(TLM) kit. It is used for the evaluation of the vertical (drain) contact.
Fig. 2.4 shows key process steps that enable fabrication of the TLM
kit alongside the VNW MOSFETs. Initially, the vertical contact height
is de�ned using an electron-beam exposure-sensitive layer, known as
hydrogen silsesquioxane (HSQ) [46]. The delivered electron-beam dose
a�ects the resulting HSQ height (Fig. 2.4(a)). Note that the critical
dimension becomes the mask layer height, not the width, which is a
paradigm change, when compared to planar technologies.

From this point on, the process �ow splits into two parallel branches.
In both cases, another HSQ exposure step is used. In case of the III-V
VNW MOSFETs, a low electron-beam dose is delivered to the layer, thus
opening the MOSFET channel region, as depicted in Fig. 2.4(b). Such
process �ow branch has been successfully implemented in a gate-length
scaling study, demonstrating an exceptional performance [47]. The other
process �ow branch yields the TLM kit process monitor structures, shown
in Fig. 2.4(c). A high electron-beam dose is delivered to the HSQ layer,
nearly covering the nanowire. The vertical contact and the HSQ prevent
the selective etching of the nanowire. The uncovered part is subsequently
metallized, completing the two-terminal structure (InAs mesa is used as

Figure 2.4: A part of the VNW MOSFET process �ow: a) vertical contact
formation with varying HSQ height (electron-beam dose), b) thin HSQ layer allows
for a MOSFET channel opening, c) thick HSQ layer nearly covers the nanowire
and protects the semiconductor from etching.
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Figure 2.5: a) A layout of the gate metal process monitor structures, marking
di�erent resistance contributions. b) A typical resistance VS �nger length
measurement, with di�erent contributions to the gate resistance clearly marked.

a second terminal). The highly-doped shell remains intact and can be
characterized via the TLM measurement. Therefore, in a single mask step,
both the VNW MOSFET and the vertical contact TLM are integrated.

In a similar manner, the device gate metal resistance can be evaluated.
The gate resistance is essential in the evaluation of the MOSFET RF
performance, where it is deembeded from the high-frequency admittance
parameters (y-parameters). The gate process monitor structure is depicted
in Fig. 2.5(a). Three separate contributions to the gate resistance are
identi�ed: a gate pad resistance RP AD , a gate �nger access resistance
Racc, and a gate �nger resistanceRsq. The RP AD and Racc contributions
to the gate resistance is typically small, since they represents the resistance
in the metal pad and the short �nger access line. The largest contribution
is the Rsq, as it represents the portion of the gate metal that is perforated
with nanowires, which increases its resistance value. The resulting
measurements from such structures are depicted in Fig. 2.5(b). If scaling
of the �nger length and the number of �ngers is provided, the individual
contributions can be evaluated and layout optimized for low-gate-resistance
high-frequency VNW MOSFETs.

Finally, capacitance evaluation is needed as well. Capacitance-voltage
(CV) measurements are typically used to assess charge density in the
channel and the frequency dispersion in the gate oxide. The CV process
monitor structures are intended to be fabricated alongside the RF MOS-
FETs, therefore their layout designs are similar. The structures contain an
isolated device mesa and the gate �ngers, while the di�erence is visible in
the layout of the source and drain terminals. For CV process monitor
structures, the source/drain terminals are connected, making the CV
structure a two-terminal structure. Fig. 2.6 depicts an example RF VNW
MOSFET and an example CV VNW process monitor structure. The 180
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Figure 2.6: Comparison between 3� 60 RF VNW MOSFET and 10 � 200 CV
vertical nanowire process monitor structure. The increase in the device size allows
for an accurate capacitance evaluation.

wires in the RF VNW MOSFET are su�cient to evaluate the the device RF
performance. On the other hand, the CV VNW process monitor structure
typically consists of a large array of nanowires (the example shown in
the �gure contains 2000 wires). The total device capacitance will be
large, allowing the low-frequency-measurement instruments to accurately
assess the gate capacitance, as well as the dispersion in the gate oxide.
Following the optimization of the device high-frequency operation, such
process monitor structure becomes an essential tool in understanding the
capacitance bottleneck in an RF device. Using this, and the other process
monitor structures, the entire process �ow can be monitored and the
individual blocks of the vertical nanowire MOSFETs can be optimized
for increased performance.
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High-Frequency BEOL for III-V NW

MOSFETs

T
he nanowire (NW) MOSFETs described in the previous chapter
represent the FEOL part of the integrated circuit design. This
chapter provides insights into a custom BEOL, developed to assist

in the III-V NW MOSFET optimization, and performance evaluation.
A speci�c focus is given to the high-frequency design, revolving around
transmission line design and integration. Furthermore, a great deal of
e�ort is dedicated to developing a suitable BEOL environment for high-
frequency signal propagation. To complete the story, an overview of
passive components is provided. A unique take on the BEOL performance
assessment is showcased, through an integration with novel materials, such
as thin ferroelectric �lms.

3.1 TRANSMISSION LINE THEORY

To understand how circuit design using BEOL can be done, a discussion
is provided about the realization of the transmission line environment.
It is an essential part of high-frequency circuits, ranging from inductors
and transformers in a dense RF CMOS process, to the long line segments
used in impedance transformation in III-V mm-wave integrated circuits
(MMICs), which are also the focus of this thesis. Before discussing the
circuit realization, however, a basic description of the transmission line
environment is provided.

Each transmission line (TL) segment can be represented with its
distributed circuit parameters. They are referred to as distributed line
inductance L

0
, capacitanceC

0
, resistanceR

0
, and conductanceG

0
. They

model electromagnetic �elds that exist, or are terminated within the
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Figure 3.1: a) An illustration of the transmission line (TL) segment ( Dl) with
depicted electric and magnetic �eld lines. b) Equivalent circuit of the TL segment.

space between signal and ground metal segments, as depicted in Fig. 3.1.
Important to note is that both signal lines and ground planes conduct high-
frequency currents, and therefore, the geometry of the signal line and the
ground plane will determine their �eld coupling. Together with material
properties (metal resistivity, skin e�ect, dielectric permittivity), they de�ne
the TL distributed parameters.

Investigating the relation between TL distributed parameters for a given
line length l , the relation between input voltage wave to input current wave
will give the following relationship:

Z0 =
v+

i +
=

v�

i �
=

s
R0 + j!L 0

G0 + j!C 0 �

s
L 0

C0, (3.1)

wherev+ / � and i + / � are incident and re�ected voltage and current waves,
respectively. The resulting impedance,Z0, is called the characteristic
impedance, and it represents the approximate relationship between line
inductance and the signal-to-ground line capacitance, in the case of low-loss
TLs. The standard Z0 value in most microwave designs is 50
 , a historical
value of matched radio systems, representing a balance between insertion
loss and power handling capabilities in printed circuit board transmission
lines [48].

The di�erential equation describing the current-voltage relationship at
the position x on a transmission line is given by telegrapher's equations [49]:

@V(x)
@x

= � (R
0
+ j!L

0
)I (x), and

@I(x)
@x

= � (G
0
+ j!C

0
)V (x); (3.2)

@2V (x)
@x2

= 
 2V (x), and
@2I (x)

@x2
= 
 2I (x), (3.3)

24



3 High-Frequency BEOL for III-V NW MOSFETs

where V (x) and I (x) are the instantaneous current and voltage at the
position x. The parameter 
 is the complex propagation constant of the
transmission line:


 = � + j� =
q

(R0 + j!L 0)(G0 + j!C 0), (3.4)

where � is the line attenuation, and � is the phase constant. The
assessment of the TL performance is established through assessment
of propagation parameters � and � , and reveals the TL performance
limit, as well as any network and passive component built with TLs.
Additionally, the phase constant is a direct measure of transmission line
guided wavelength, or � = 2� / � , where � is the wavelength, given as
� = f / c

p
"ef f , where f is the frequency of the electromagnetic wave,c is

the speed of light, and"ef f is the e�ective dielectric constant that depends
on the material and the geometry of the transmission line.

When a (voltage/current/power) wave is excited on the transmission
line, a re�ected wave may appear. The relationship between the re�ected
wave and the incident wave is named the re�ection coe�cient G. The
re�ection coe�cient is a direct way of probing the impedance seen in the
speci�c part of the circuit, and is used for matching di�erent segments of
the circuit to each other [50]. The relation between a given impedanceZ ,
and the re�ection coe�cient G is given as:

G=
v�

v+
=

i �

i +
=

Z � Z0

Z + Z0
. (3.5)

This relationship is bilinear, and allows for normalization of the impedance
to a unity circle in the complex plane. Such mapping of impedances
through their re�ection coe�cients is known as the Smith chart. Since
TLs transform the re�ection coe�cient based on the line length and 
 ,
given in (3.4), the re�ection coe�cient along the transmission line will be
transformed as Gl = Ge
l , thus allowing rotation in the complex plane
and consequently, an impedance transformation. This line property is
used heavily in matching networks, where usually an arbitrary impedance
transformation is required.
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3.2 BEOL FOR III-V NANOWIRE MOSFET

The multi-layer metal stack that is inherent to III-V VNW MOSFET, as
described in Chapter 2, allows for the possibility for utilizing the FEOL
metal stack in BEOL as well. Such a concept has been already attempted
in the realization of a nanowire-based mixer circuit [51]. In this thesis, an
e�ort is made to generalize these concepts and build a BEOL stack that
would include a library of passive components and TLs, as the integral part
of the technology platform. The following subsections provide insights into
the realization of the TLs and passive components, and the utilization of
the low-� dielectric layers (materials with low relative permittivity " r ),
stemming from various BEOL stacks considered for integration into the
III-V VNW MOSFET technology platform. An attempt is made to route
TLs on di�erent metal layers, which a�ects the performance of the TLs
and integrated passive components, as well as the complexity in the circuit
design.

3.2.1 TRANSMISSION LINE REALIZATIONS

Considering the principles of the TL operation, two �avors of the TL
realization are considered: co-planar waveguide (CPW), and microstrip
(MS) TL segments. Both are depicted in Fig. 3.2. The CPW lines
(Fig. 3.2(a)) are realized in a single metal layer, denoted asMET1 . The
CPW line consists of a signal line of width w, with a very wide ground
plane on each side, separated by a clearances. The electromagnetic (EM)
�eld coupling for transverse-electric-magnetic (TEM) wave propagation are
illustrated as well. A portion of the �eld-lines couples in air, while another
portion couples within the substrate. This results in "ef f , 
 , and Z0
values depending on the geometry of the CPW line, as well as supporting
substrate's " r . These key parameters are typically determined numerically,
or semi-empirically [52,53].

The second �avor of the TL realization is the MS line (Fig. 3.2(b)). It
represents a more traditional, Si-CMOS-like approach to BEOL design,
using a multi-layer metal stack. Both the signal line, and the ground
plane are realized in raisedMET2 and MET3 layers, respectively. The
EM �eld-lines are isolated from the underlying substrate and limited to
the signal-to-ground dielectric separator and the surrounding air, rather
than penetrating into the often lossy substrate. Compared to CPW, the
MS lines have an advantage due to independent selection of the supporting
dielectric layer thickness. This low-� dielectric, together with the signal
line width, sets the key TL properties, which are also determined semi-
empirically [54,55].
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Figure 3.2: a) Schematic illustration of a co-planar waveguide (CPW), including
the signal line of width w, clearances, and wide ground planes, realized in BEOL
MET1 layer. The EM �eld-lines illustrate denser electric �eld coupling in the
underlying dielectric/substrate. b) Schematic illustration of a microstrip (MS)
line, including a wide ground plane, realized in BEOL MET2 layer, separated
from the substrate with a low-� interlayer dielectric. Another low- � dielectric
layer of height h, supports the signal line of width w, realized in BEOL MET3
layer. The EM �eld-lines show broken electric �eld lines as they cross from air
into the dielectric.

3.2.2 CO-INTEGRATED RF BEOL

Utilizing the CPW lines alongside the III-V VNW MOSFETs, a co-
integration is realized. Key passive and active components are implemented
using available FEOL layers, minimizing the amount of added BEOL layers.
The schematic illustration of the FEOL-BEOL co-integration is shown in
Fig. 3.3. A low-� interlayer dielectric is used as a planarization layer that
supports the MOSFET contacts, as well as the CPW lines, realized in
MET1 layer. The CPW ground planes are connected via anunderpass, a
metal layer routed on Si substrate, instead of a bridge, routed above the
CPW line. Line bends, crosses and tees use the underpass layer to connect
various ground plane sections, ensuring the same potential level in each
ground plane section, and preventing unwanted re�ections in the TEM
wave propagation. The combined height of the III-V VNW MOSFET and
the source mesa island result in a su�cient CPW-to-underpass separation,
which exhibits low parasitic capacitance.

The capacitors are realized in several ways. Fig. 3.3 depicts a case
where the gate metal and the CPW line are used to realize a low-
capacitance-density metal-oxide-metal (MOM) capacitor [43, 44]. A high-
capacitance-density metal-insulator-metal (MIM) capacitors are realized
using an additional high-� dielectric layer, sandwiched in between the
drain contact metal and the CPW line. In an another MIM capacitor
version, the source mesa contact layer is used as an electrode, while the
MOSFET gate high-� is used as the capacitor dielectric. Furthermore, a
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Figure 3.3: Schematic illustration of the III-V VNW MOSFET, co-integrated
with BEOL components, including thin-�lm resistors (TFR), MIM/MOM capac-
itors, underpasses, CPW lines, and various interconnect vias. Materials used in
realization of the FEOL/BEOL layers are listed as well.

thin-�lm-resistor ( TFR ) layer is routed on Si substrate. TheTFR layer is
primarily intended for use in a DC biasing circuit, or to stabilize the VNW
MOSFETs, together with BEOL capacitors. Finally, low-loss interconnect
vias are realized on di�erent levels, connecting various components into
circuits.

3.2.3 MILLIMETER-WAVE BEOL

While the co-integrated BEOL adds functionality using a minimum amount
of added lithography steps, the BEOL components are restricted in their
design and realization. A front-side BEOL layer stack, as illustrated in
Fig. 3.4, removes this limitation. The �rst aspect of this BEOL is the
use of a �rst interlayer dielectric ILD1 . The layer is thick enough to
e�ciently planarize tall structures such as III-V VNW MOSFETs, while
simultaneously isolating mm-wave signals from reaching the substrate. If
the ILD1 layer is too thick, however, the interconnect via parasitics would
be large, so a good balance was found at 2µm layer thickness. The ILD1
layer supports aMET2 ground-plane layer. The dielectric layer supporting
the RF and mm-wave signal propagation is denoted asILD2 . The thickness
of this layer is also a careful balance of interconnect via parasitics and the
MS line performance.

Since the substrate needs to be isolated to reduce losses, the strategy is
to reduce openings in the ground plane. Therefore, all passive components
are routed in the RF environment. Since interconnect vias are not needed
for connecting these passive components, aside from ground vias, their
parasitics are also minimized. ATFR layer is deposited on theILD2 and
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Figure 3.4: Schematic illustration of a mm-wave front-side BEOL layer stack,
with two dielectric interlayers ( ILD1-2 ), four metal layers (MET1-4), TFR ,
MIM capacitor layers (CAP), and interconnect vias. Layer thickness values and
materials used in the realization of this BEOL, are marked as well.

contacted with the MET3 layer, while capacitor layers are patterned with
di�erent thickness values, to enable both high- and low-capacitance-density
�lms. An additional metal layer ( MET4) will create the second capacitor
electrode, forming a high quality MIM capacitor. This way, a complete
component set is provided for the design of high performance mm-wave
circuits.

3.3 BEOL PERFORMANCE EVALUATION

When realizing the BEOL layer stack, the important point to consider is
materials used for BEOL fabrication. In Fig. 3.3-3.4, some of the essential
materials are listed. Among them, the low-� interlayer dielectric is the
most important. It supports TL segments, and serves as a medium where
EM �eld-lines will propagate. Therefore, properties of this layer are crucial
in establishing the TL performance. In this thesis, all BEOL interlayers are
realized with benzocyclobutene (BCB) - a spin-on organosilane compound
with excellent planarization properties [56, 57]. Its low dielectric constant
of "BCB � 2.8 extends well into mm-wave frequencies, where the dielectric
has been evaluated up to 1 THz [58].

In addition, as passive components and interconnect vias measure tens
of µm in size, there needs to exist a way to characterize them at high
frequencies without measuring cables, connectors, probing equipment, and
various instrument inaccuracies [59]. Therefore, a on-wafer-measurement
calibration kit is developed. The simplest one, relying solely on TL
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segments, known as theThru-Re�ect-Line (TRL) calibration kit, is im-
plemented and characterized, allowing for line performance evaluation.

3.3.1 TRL CALIBRATION AND TRANSMISSION LINE PROPERTIES

The TRL kit is a simple TL-based instrument measurement-error cor-
rection kit. Much like every other calibration kit, TRL is comprised of
several calibration standards. There is always aTHRU standard - two
measurement ports connected to each other, where amplitude and phase
relation between the ports is obtained. TheREFLECT (OPEN type, or
SHORT type) standards are those that exhibit G � � 1, and are used
primarily for setting the individual port phase o�set, as well as de�ning
the amplitude in the polar plane. Finally, the LINE standard is used to
establish a delay between the calibration reference planes. The TRL kit
typically comes with many lines, and is named a multiline TRL, or mTRL.
The TLs are designed in a speci�c way in order to have a speci�c set of
time delays with each line set. This allows for a wideband calibration, with
minimal error propagating at the band edges. A typical recommendation
is to design a line that has length equal to� /4 at the desired frequency,
and a three times longer line, to extend the calibrated bandwidth [60].

The core di�erence of mTRL, as compared to other calibration kits,
is in the use of the line Z0 as the normalization impedance [60�65]. In
comparison, other available calibration standards, such as Line-Re�ect-
Re�ect-Match (LRRM), or Thru-Match-Re�ect-Re�ect (TMRR), rely on
measurement of a high-precision 50
 MATCH for the system impedance
normalization. [66�71]. The value of Z0 must be fully known for the mTRL
calibration to be applicable. Since Z0 cannot be properly determined
sometimes (i.e. due to complex line geometry), the line capacitance
model can be used, which, in combination with the measured standards,
can yield the line characteristic impedance [72]. Additionally, a separate
evaluation of the line propagation constant can yield results as well [73].
Measurements on many lines, as well as severalREFLECT standards
removes measurement uncertainty, so mTRL is often a good choice for
high-frequency (RF and mm-wave) calibration.

Optical micrographs of the implemented TRL kit with CPW lines, and
with MS lines, are shown in Fig. 3.5. The calibration kits are realized
keeping in mind that an evanescent mode, alongside a quasi-TEM mode, is
launched from the probe tip onto a landing pad, and it needs to be allowed
to diminish before reaching the set reference plane. Therefore, in addition
a probe landing pad, each calibration standard contains aline access
segment, that shifts the reference plane away from the probe landing pad.
The CPW-based probing pads do not contain any vias (Fig. 3.5(a)), due to
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Figure 3.5: Optical micrographs of TRL kits, realized in BEOL as: a) CPW
structures for RF BEOL: THRU , OPEN, SHORT, and LINE ; b) MS line structures
for mm-wave BEOL: THRU , OPEN, SHORT, and LINE . The CPW lines are
realized in MET1 BEOL layer, while the MS lines are realized in MET3 , with
the underlying ground plane realized inMET2 BEOL layer and vias that connect
landing pads for ground connection.

both signal line and ground plane being realized in the sameMET1 layer.
The MS-based probing pads, however, have their ground pads connected to
the MET2 ground plane with interconnect vias, while signal line is routed
in the MET3 layer (Fig. 3.5(b)). The line access segment length is 50µm
and 100µm, in case of CPW-based and MS-based TRL kits, respectively.
An example TL segments are shown in Fig. 3.5(a), where CPW-based
mTRL kit contains 650 µm and 2 mm line, for 5-90 GHz calibration range.
The MS-line-based mTRL kit (Fig. 3.5(b)),with its 200 µm line, covers the
W-band (75 GHz to 110 GHz).

Evaluating the mTRL calibration, we obtain essential line properties.
Fig. 3.6(a) shows measured and simulated attenuation of the CPW line,
a TL parameter typically used as a benchmark value. In case of a
500-nm-thick MET1 layer, we obtain � � 0.6 dB/mm at 50 GHz.
The simulated data is obtained using line models developed in Keysight
Advanced Design Systems (ADS). Describing line geometry and material
parameters in ADS, the TL behavior is reproduced in simulation, as
demonstrated in Fig. 3.6(b). Regarding MS line evaluation, Fig. 3.6(c)
shows that groundplane cover isolates the underlying substrate from the
RF environment, as no signi�cant substrate e�ect in the measured line
attenuation is observed. Furthermore, the attenuation value for a 50
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Figure 3.6: Measured and simulated CPW line properties: a) attenuation� , and
b) line loss (js21 j) VS. frequency, for 50 
 CPW lines of di�erent lengths. c)
Measured and simulated MS line attenuation on III-V (InP) and on Si substrate,
showing e�cient groundplane isolation. d) Measured and simulated line loss versus
frequency for di�erent 50 
 MS line lengths.

MS line is � � 0.5 dB/mm at 50 GHz, a state-of-the-art value, when
compared to both the RF CMOS and MMIC design kits [58, 74]. Finally,
Fig. 3.6(d) demonstrates the �t between measured and modelled MS lines
where, much like for CPW lines, the behavior can be accurately predicted.

3.3.2 RF BEOL COMPONENTS - FERROELECTRIC MOS CAPACITORS

Extending the BEOL component evaluation past the TL sections, the
evaluation of thin ferroelectric �lms, an emerging material that promises
steep-slope MOSFETs, among other applications, is attempted at high
frequencies [75�78]. The RF BEOL process yields ferroelectric MOS capac-
itors (MOSCAPs), a MIM capacitor variety presented in Subsection 3.2.2.
In a modi�ed process, a non-intentionally-doped InAs layer grown on a
high-resistivity Si substrate is used, as compared to the highly-doped InAs
bu�er, used for conventional MOSFETs [79,80]. This allows for capacitance
modulation of the MOSCAP structure, with the aim to capture this e�ect
in the RF environment as well.

Fig. 3.7(a) depicts a ferroelectric MOSCAP structure. The structure is
designed to have minimal extension from the calibration reference plane,
so that distributed e�ects associated with the structure can be neglected
at RF frequencies. The capacitor area is approximately 30µm2, and is
accessed through an interconnect via from theMET1 layer down to the
metal electrode. The InAs mesa structure is routed to the ground plane
on both ends, thus reducing the mesa resistance by a factor of two. In
a similar design, a TFR layer is patterned, to realize the 50
 MATCH
standard is realized, so that a LRRM calibration can be performed.

Three di�erent thicknesses of a ferroelectric Hf0.5Zr0.5O2 �lm were
measured. For 15nm, to 10nm, and 6nm, all three �lms show distinct
ferroelectric peaks when voltage is swept in either direction. Fig. 3.7(b-
d) shows measurement results. Each point on the plot is a result of
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Figure 3.7: a) Optical micrograph of a test structure for the assessment of a
ferroelectric MOSCAP. The structure is relatively small compared to the incoming
signal wavelength. Plots show capacitance-voltage measurements of ferroelectric
MOSCAPs, for the layer thickness values of: b) 6 nm, c) 10 nm, and d)
15 nm Hf0.5Zr0.5O2. Distinct ferroelectric peaks appear at frequencies in the
measurement range from 100 MHz, up to 10 GHz, demonstrating the highest
recorded characterization frequency for Hf0.5Zr0.5O2 �lm.

continuous wave (CW) excitation from the vector network analyzer, for
a �xed bias voltage VB . The ferroelectric �lm retains its polarization
during the measurement, as seen through the measured capacitance.
Moreover, the frequency dispersion in capacitance value is evident, with
previously observed trends extending into the RF frequencies [79,80]. The
measurement results serve as a proof-of-concept for capturing material
properties in the RF domain. This initial step lays foundation for RF
analysis of ferroelectric MOSFETs [81].

3.3.3 MILLIMETER-WAVE BEOL COMPONENTS

For the mm-wave BEOL kit, it is essential to evaluate the MS line
performance, but the parasitic contribution of the interconnect vias has
to be considered as well. Their behavior is characterized in order for
the model to predict the combined FEOL and BEOL contribution [82]. An
interconnect via stack is used to connect to FEOL, primarily to MOSFETs,
as illustrated in Fig. 3.8(a). Each interconnect via will have an inductance
L via , and a capacitanceCvia . In case the interconnect vias are used to
connect to a multi-port structure (i.e MOSFETs), there will be a cross-
talk contribution as well, seen as inter-via capacitanceCinter . These
lumped components form a parasitic shell that needs to be included in
the MOSFET model. The interface between the FEOL and the BEOL is
therefore nameddevice interface module(DIM).

Fig. 3.8(b) shows optical micrographs of measured structures. The
measurement structure is a two-port access structure, with a common
ground, consisting of landing probe pads and access structures, which
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Figure 3.8: a) Schematic illustration of a device interface module (DIM), with
via inductance and capacitance contributions. b) Optical micrographs of the
DIM measurement structures, where insets are di�erent via stack structures:
OPEN and SHORT standards, terminating either on the MET1 , or on the MET2
layer. c) An OPEN -terminated DIM structure parasitic admittance (imaginary
part ! capacitance). d) A SHORT-terminated DIM structure parasitic impedance
(imaginary part ! inductance).

are removed in the mTRL calibration, leaving only the interconnect via
stack contribution. The vias are realized with either OPEN, or SHORT
termination, allowing for either capacitance, or inductance to be assessed,
respectively. Furthermore, they are realized in between theMET3 and
MET2 layers, or they are descending from theMET3 layer down to the
MET1 layer on the substrate, as a stacked via. This separation allows
for the exact evaluation of the individual contributions from both vias.
Fig. 3.8(c-d) depicts measured and modelled structures, demonstrating a
clear distinction between port re�ections, as well as the coupling between
ports. The model captures the cross-talk between the ports, which is
essential in using the DIM in combination with various FEOL.

Aside from the DIM characterization, MIM capacitors are evaluated
as well. Fig. 3.9(a) shows the capacitor realization either as a series
capacitor, or as a capacitor-to-ground (with symmetric or asymmetric
vias). For capacitor dielectrics, silicon nitride (" r � 8.5) is used. The
size of the mm-wave MIM capacitors is small, and they require minimum
routing, in order to reduce unwanted distributed e�ects. As these MIM
capacitors are intended for use in the matching networks, such distributed
e�ects deteriorate the capacitor performance. Their measured response
(Fig. 3.9(b)) demonstrates capacitor components with a highquality factor
(Q) value, determined primarily by the quality of the capacitor dielectric
layer. Thicker layers enable low capacitance density, with measured values
corresponding to the capacitance of 50 fF, both for the parallel and the
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Figure 3.9: a) Optical micrographs of mm-wave MIM capacitors, connected in
parallel (with a ground via), and in series (with an added TL segment). The
mTRL reference plane is marked with a dashed line. b) Measured and modelled
s-parameter capacitor response. c) A capacitor model unit cell, consisting of
a portion of the �nite-Q MIM-capacitance and TL segment of length DL T LE ,
represented with distributed RLGC elements.

series capacitor structure. Furthermore, a capacitor model is established,
consisting of unit cells, as shown in Fig. 3.9(c). The unit cell contains
a capacitor element with a portion of the total capacitance, and the
associated Q value. The distributed e�ects are modelled with a TL
segment, which corresponds to the portion of the MS line. The MS line
is represented by scalable RLGC parameters, thus improving the model
accuracy.

Many other models for passive components have been built, including ad-
ditional BEOL line sections, resistors, and probe-tip lumped components.
They all are included in the BEOL portion of the technology library. Such
a complete model library, with layout designs, allows for the design of the
high-frequency circuits. Circuit design is described in the next chapter,
as a use case for the III-V nanowire MOSFET technology library. Details
about the processing of the BEOL can be found in Paper I, while more
information about the MS line performance, using mTRL calibration, is
given in Paper II. Finally, the RF characterization of the ferroelectric
MOSCAPs, including the LRRM calibration kit, is presented in Paper VI.
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T
his chapter will be this work's summarizing chapter. It starts of
with the BEOL integration with III-V lateral nanowire (LNW)
MOSFETs, a technology option with nanowires parallel to the

substrate surface. The result is an ampli�er input stage, whose properties
will be used for the MOSFET evaluation. It marks an important step in
the evaluation of the nanowire MOSFET technology library.

The following section will primarily analyze high-frequency performance
of the III-V VNW MOSFETs. The III-V VNW MOSFET technology
library, as proposed in Chapter 2, is evaluated, primarily for the parasitic
capacitance contributions. The nanowire vertical contact alignment is
addressed, providing valuable insights into the RF and mm-wave properties
of III-V VNW MOSFETs. A demonstrator circuit reveals the design and
the performance bene�ts of the III-V VNW MOSFET technology. In
the following section, the speci�c features of the vertical geometry are
utilized for improving the high-power characteristics of the RF III-V VNW
MOSFET. Finally, device benchmarking are revisited, now including a
circuit performance benchmarking as well.

4.1 LATERAL NANOWIRE MOSFET 60 GHZ LNA INPUT STAGE

The high-frequency circuit design starts with the evaluation of the MOS-
FET performance. The main interest lies within speci�c device properties:
maximum stable/available gain MSG/ MAG , optimum noise matching
point Gopt/ Zopt, device stability factor K , and DC current I D , among many.
During the development of the MOSFET technology platform, the focus is
typically on the standalone MOSFET, while the BEOL stack is evaluated
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separately. In the following step, they are integrated into a single process.
This has been implemented in the case of III-V LNW MOSFETs, a lateral-
nanowire, or tri-gate-based MOS transistor platform [29,83�91]. The device
model is analyzed, and an optimum matching network has been designed,
considering both the FEOL performance and the DIM parasitics. More
details on the optimum matching network design procedure are provided
in Appendix A.

Figure 4.1: a) Optical micrograph of III-V LNW MOSFET LNA input stage. The
circuit consists of biasing, IMN, output inductive peaking and source stabilization
stubs. The LNA area, excluding the access structures, is 0.7 mm2. b) Micrograph
of the III-V LNW RF MOSFET, consisting of 2 � 7 µm gate �ngers, making a total
of 2� 100 nanowires (WG = 8 �m ). The inset shows lateral nanowire array with
overgrown contacts. c) The LNA input stage circuit schematic model, illustrating
the relevant matching components, including the biasing network. d) Measured
and simulated s-parameters and noise for the LNA input stage The LNA exhibits
G � 3.4 dB, and NF � 2.5 dB. The LNA is biased at VG = 0.8 V, and VD = 1 V,
and consumes a total ofI D = 6.4 mA. The MOSFET gate length is L G = 80 nm.

The resulting circuit is a low-noise ampli�er (LNA) input stage, whose
micrographs are shown in Fig. 4.1(a-b). It consists of one III-V LNW
MOSFET with a four-port DIM, which, when combined, constitute the
circuit-level III-V LNW MOSFET. The device is stabilized for operation
at 60 GHz, using inductive source degeneration. Additionally, a � /4
TL section is placed in the device input, in order to transform the
matching network's neighbouring inductance into the DIM capacitance,
using Kuroda identities [92]. In this way, interconnect vias become a part
of the matching, without increasing the number of network elements. The
output matching network (OMN) uses an inductive peaking technique,
that minimizes OMN size and insertion loss, while improving the device
power matching [93]. A bias stub, shorter than� /4, is used to achieve this
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matching inductance. The circuit is �nalized with an access line structure,
RF probe landing pads and bias circuitry through which the DC bias is
supplied. Accounting only for the area between the mTRL reference planes,
the LNA input stage size is 1 mm � 0.7 mm, determined primarily by the
long input lines and the stabilization stubs. The inset (Fig. 4.1(b)) shows
2� 7 µm active MOSFET area, with the underlying array of 2� 100 lateral
nanowires, which are the main part of the circuit.

Figure 4.2: Assessment ofL G scaling on the circuit performance. Measured and
simulated s-parameter response of the LNA input stage: a)s11, b) s21, and c) s22,
for L G = 40, 60, and 80 nm. d) Modelling of the intrinsic (quantum) capacitance
Cgs,i of the III-V LNW MOSFET, normalized as aF per nm gate length, per
nanowire.

The LNA input stage circuit schematic is illustrated in Fig. 4.1(c),
containing three TL sections in the IMN, a matching 35 fF capacitor-
to-ground, and a series DC-block capacitor. The OMN contains the DC-
block capacitor as well, and a TL section, also used as a bias line. The
bias circuit is an RC network that ensures the bias and the low-frequency
stability. The LNA input stage performance for L G = 80 nm III-V LNW
MOSFET is shown in Fig. 4.1(d). The circuit is biased at VG = 0.8 V, and
VD = 1 V, and spends a total current of I D = 6.4 mA. The LNA input
stage exhibits gain of G � 3.4 dB, noise �gure value of NF � 2.5 dB,
and a 60-GHz-matched input re�ection s11 < -10 dB. The noise �gure
measurement is the �rst circuit-level noise measurement of the III-V LNW
MOSFET, demonstrating a good �t to the modelled device noise [87].
Moreover, the measured data is accurately predicted by circuit simulations,
demonstrating the ability of using the MOSFET technology library with
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the BEOL models, with the intention of designing and realizing complete
mm-wave circuits and systems.

The interesting option that the circuit implementation provides, is in the
gate-length-scaling study. The LNA input stage is implemented on III-V
LNW MOSFETs with 40, 60, and 80 nm gate lengths. Their s-parameter
response is shown in Fig. 4.2(a-c). A clear frequency shift ins11 and s21 is
directly related to the change in the intrinsic gate capacitanceCgs,i . The
parasitic values remain fairly constant, as no signi�cant frequency shift
occurs in the circuit output re�ection, or s22. Considering resistance,
conductance, and capacitance values in the device small-signal model
(Fig. 8d in Paper III), an intrinsic capacitance scaling is obtained, as shown
in Fig. 4.2(d). The value corresponds to a theoretical gate capacitance
value, when MOSFET operates under the quasi-ballistic regime. The
obtained Cgs,i demonstrates the ability of the technology library to assist
in the device assessment through circuit realization. Additional interesting
aspects of the LNA input stages, and lateral nanowire MOSFETs can be
found in Paper III.

4.2 VERTICAL NANOWIRE MOSFET MM-WAVE DESIGN

The design of III-V VNW MOSFETs is based on the heterostructure
epitaxial process discussed in Section 2.2. Such RF-optimized III-V VNW
MOSFETs have already been implemented for long gate lengths. The
results from this 130-GHz III-V VNW MOSFET are given in [31], while
the detailed small-signal model is developed in [94]. The model includes
the separation of an extrinsic parasitic, and an intrinsic gate capacitances.
The device contains 180 wires organized into 3 gate �ngers, according to
the layout template provided in Section 2.2. The parasitic gate overlap
capacitances areCgs,p = 20 fF, and Cgd,p = 6 fF, while the intrinsic
capacitances areCgs,i = 6 fF, and Cgd,i = 1 fF, for L G = 120 nm.
Approximately 73% of the total device capacitance is attributed to external
parasitics, and this percentage increases asL G is scaled. These high
parasitic capacitances are attributed in part to the highly-doped shell,
and in part to the overlap of the vertical (drain) contact and the gate
metal. The initial analysis of the III-V VNW MOSFET establishes two
separate layout-based contributions:

Cgx,p = Cgx,MOL + nw � Cgx, (4.1)

where Cgx,MOL (x={s,d}) is a Middle(-End)-Of-Line (MOL) capacitance
contribution, originating from routing of the device metal access segments
on the FEOL level. The nanowire extrinsic parasitic overlap capacitance
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contribution, denoted as Cgx, is scaling with the number of wires nw , or
with the gate width WG, and are denoted either as aF/wire, or as fF/µm,
respectively.

4.2.1 VERTICAL NANOWIRE MOSFET MOL DESIGN

The RF operation of the III-V VNW MOSFET is tied to the metal routing
that connects FEOL device with the BEOL interconnect via stack. This
MOL structure consists of routed metal segments on di�erent heights,
supported by a low-� dielectric, with the interconnect vias that connect
them to the BEOL MET1 layer (see Fig. 3.3). The major parasitic
contribution from the MOL structure is the parasitic capacitance of these
metal segments, and it is considered separately from the III-V VNW
MOSFET active area. Both the aforementioned HSQ, and BCB layers
are considered, having a similar dielectric constant of" r � 3.

Since the VNW MOSFET is essentially a 3D structure, it is visualized
and analyzed using COMSOL Multiphysics. An electrostatic simulation
is used to obtain the MOL capacitance values, assigned between the
MOSFET terminals (gate, source, and drain). The gate metal is placed
at a 100 nm height from the source mesa, and it is considered planar, i.e.
the spacer layer is planarized over the mesa edge. Similarly, the drain
metal is separated from the gate metal by a planarized 100-nm-thick low-�

Figure 4.3: COMSOL Multiphysics model used for evaluation of the MOL
parasitics, using: a) drain pad metal, and b) drain metal �ngers extending into
the active VNW MOSFET area. c) Simulated MOL capacitance between di�erent
MOSFET terminals (gate, drain, source), for di�erent widths of the active area,
represented as number of nanowires per gate �nger. The total parasiticCsd
increases with drain pad metal extending into the active area, while a signi�cant
reduction in capacitance is observed when drain �ngers are implemented. All
MOL capacitance contributions increase in values when number of gate �ngersnf
increases.
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layer. The height placement of di�erent metal layers is motivated by the
nanowire design, and the MOSFET fabrication procedure. Furthermore,
two varieties of the drain metal are considered: a drain pad, covering the
entire active area, and drain �ngers, routed only on top of the nanowires,
as illustrated in Fig. 4.3(a-b). The source-drain capacitance contribution is
a combination of the MOL parasitic capacitanceCsd,MOL , and the active
area overlap capacitanceCsd,drain , and does not depend on the design of
the vertical nanowires.

The simulated MOL capacitance contributions are plotted in Fig. 4.3(c).
The simulated Cgs,MOL and Cgd,MOL have values in the range of 4.5 fF to
5.1 fF, and 0.7 fF to 1 fF, respectively. Higher values are associated with a
larger number of gate �ngers nf . The capacitances represent the parasitic
fringing capacitances (excluding the gate �nger in the active device area).
Regarding the source-drain capacitance, the MOL fringing capacitance
Csd,MOL has values between 3.7 fF and 4.7 fF. Adding the drain pad, the
source-drain capacitance has values up toCsd,drain � pad = 17.4 fF. This
value can be controlled by patterning the drain pad into drain �ngers, thus
removing the excess parasitic source-drain overlap in the active device area.
The parasitic capacitance values increase up toCsd,drain � f ing . = 8.3 fF, a
substantial decrease in the device output parasitics. After evaluating the
device MOL parasitics, the active device extrinsic parasitic capacitances
are still required, to complete the parasitic network for the III-V VNW
MOSFETs.

4.2.2 OPTIMIZATION OF VNW MOSFET PARASITIC CAPACITANCE

When the MOL parasitic capacitance contribution is compared to the
measured device data from [31], it constitutes less than 20% of the total
device parasitic capacitance. The major parasitic contribution in the III-V
VNW MOSFET is therefore in the scalable active device area. Note that
the MOL design and its parasitics are only relevant for large nanowire
arrays. Cases of a single (or a few) nanowire device are not considered
in this thesis. The reason why a large parasitic capacitance contribution
is expected in the device active area is a consequence of the proximity of
the gate metal to the doped semiconductor and the metal contacts. Such
overlaps are illustrated in Fig. 4.4(a). The device contacts are optimized
for the state-of-the-art DC performance in III-V VNW MOSFETs, and
should be retained in the RF process as well [15,45,47,95].

Analyzing the the vertical nanowire unit cell, two contributions to the
parasitic capacitance are identi�ed: the parallel-plate capacitanceCgx,ILD ,
and the extrinsic parasitic overlap capacitance Cgx,ext . For the 100-
nm-thick low- � interlayer, the parallel-plate capacitance has a value of
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Figure 4.4: a) A schematic illustration of the III-V VNW MOSFET, including the
gate metal, a vertical contact, the drain metal, and b) a case with a vertical spacer
implementation in the gate-drain overlap area. The gate-drain external parasitic
capacitance Cgd,ext and the gate-drain parallel plate capacitanceCgd,ILD are
shown. c) The inset shows the gate-drain overlap area in detail, with the vertical
spacer sidewall thicknesstS , and the drain underlap height tb. d) COMSOL-
simulated values for the total gate-source parasitic capacitanceCgs , and the gate-
drain parasitic capacitanceCgd , for various L G and gate-drain overlap designs, in
a case wheretS is varying from 0 to 30 nm, while tb = 0. e) Simulated in�uence
of tb, showing Cgd values for tb = 0 and tb = 20 nm, while tS = 15 nm. In all
cases,Cgs remains L G -independent.

Cgx,ILD � 5 aF/wire (63 aF/ µm). Hence, the value ofCgx is primarily
set by the value of Cgx,ext . First, a thin highly-doped shell in the vicinity
of the channel contributes to a large portion of Cgx,ext . For the gate-
source capacitanceCgs,ext , the shape of the nanowire foot, as formed by
the epitaxial growth, is optimal for the capacitance minimization, where
Cgs � 31 aF/wire (0.4 fF/ µm), and is L G-independent. The gate-drain
capacitanceCgd,ext , however, contains an additional contribution from the
gate metal and the vertical (drain) contact MIM capacitance. When L G
is scaled, this overlap will increase, resulting in a largeCgd. Given that
the value of Cgd should be as low as possible, an alternative approach is
selected. As shown in Fig. 4.4(b), a vertical spacer is inserted in between
the gate metal and the vertical contact, to control the Cgd value. The
vertical spacer is preferably a conformal-covering low-� spacer, for instance
SiO2 ("SiO � 4). The inset (Fig. 4.4(c)) provides details on the III-V VNW
MOSFET gate-to-drain overlap region.

In COMSOL, a 2D axisymetric model is used to describe the nanowire
unit cell. It is a simpli�ed geometry that provides the capacitance value
of the equivalent 3D structure. In Fig. 4.4(d), it is indicated that
when no vertical spacer is present,Cgd � 800 aF/wire (10.2 fF/ µm)
for scaled L G. This large capacitance value is mitigated by the vertical
spacer. Increasing the spacer thickness totS = 30 nm, limits the Cgd
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Figure 4.5: a) Schematic illustration of the G-gate development: gate metal
deposition (#1); selective removal of the gate metal using a thin mask layer (#2);
an alternative process, where a pocked is formed (#3). b) A III-V VNW MOSFET
illustration, with a G-gate. The inset shows increased spacing between the gate
metal and the vertical contact. c) A III-V VNW MOSFET illustration with air
spacers. The insets show an air gap between the gate metal and the vertical
contact, and two options for the gate metal thickness scaling: typeA - the gate
metal height �xed to tW = 100 nm, and type B - the gate metal extension is �xed
(tW = L G +50 nm). d) Comparison between capacitance contributions for both
spacer solutions and device types.

to 130 aF/wire (1.65 fF/ µm). For L G = 120 nm, the capacitance
value of approx. 100 aF/wire (1.3 fF/µm) does not correspond to the
modelledCgd � 33 aF/wire (0.42 fF/ µm), suggesting a drain underlap [94].
Therefore, the vertical contact retraction (drain underlap) in implemented
in COMSOL as well. Fig. 4.4(e) shows theCgd values for tS = 15 nm.
For the underlap width of tb = 20 nm, the value of Cgd is reduced by
approximately a factor of 2, exhibiting a value of approx. 80 aF/wire
(1 fF/ µm) for scaledL G, and a matching Cgd value for 120-nm MOSFET.

The large overlap between the gate metal and the vertical contact is
primarily driven by the gate metal resistance optimization. As described
in Section 2.3, the gate �nger is perforated with nanowires, substantially
increasing the gate resistanceRG. Therefore, the gate metal thickness is
set to tW = 100 nm, which increases theCgd value. A workaround for
this issue is illustrated in Fig. 4.5(a). A mask layer protects the planar
surface and allows for the removal of the gate metal from the nanowire
sidewall, leaving a residual overlap area. In an alternative process, a
pocket would be created as well, resulting in aG-shaped gate metal (G-
gate), as shown in Fig. 4.5(b). The use of the vertical spacer and the
G-gate creates a structure similar to planar HEMTs, but applied to the
vertical geometry. Furthermore, the parasitics can be lowered further by
removing the spacer layers. Using drain �ngers in the active device area,
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for instance, the dielectric layers can be isotropically removed. Fig. 4.5(c)
shows the resulting air gap between the gate metal and the drain contact.

To study the in�uence of the G-gate, two device types are considered:
a device with a �xed total gate metal height of tW = 100 nm (type A),
and a device with a �xed gate metal overlap on the vertical contact, as
tW = L G + 50 nm (type B). Their respective capacitance contributions,
shown in Fig. 4.5(d), are simulated in COMSOL. The evaluation of the
MOSFET with the G-gate and spacer layers reveals the parasiticCgx values
of 30-60 aF/wire (0.4-0.6 fF/µm). When L G is scaled, an approximately
25% increase in the parasiticCgd is expected in the type A device, while
the value remains nearly constant for the typeB device. A similar trend is
observed for the MOSFET with air spacers. The parasiticCgx values are
in the order of 15-25 aF/wire (0.2-0.3 fF/µm), which are typical values for
the III-V HEMTs. Additionally, these parasitics are reproduced in previous
works in vertical InAs nanowire MOSFETs [30,96].

4.2.3 III-V VNW MOSFET MM-WAVE PERFORMANCE

Following the optimization of the device parasitics, a mm-wave III-V VNW
MOSFET can be modelled. In Subsection 2.1.2 a compact VS model is
established, used to describe the current-voltage relationship. The model
is implemented as a Verilog-A code, a hardware description language that
allows building of complex analog modules [97]. TheL G is coupled to
the virtual-source (injection) velocity vx0, through the transmission factor
T. Using the measured device data, key III-V VNW MOSFET model
parameters are obtained [98]. The modelling reveals the mean-free-path
value of � � 35 nm (T � 0.7), for the 20-nm VNW MOSFET showing
70% ballistic transport. Furthermore, the obtained contact resistance
values RS = 70 
 �µm, and RD = 170 
 �µm, signify the importance
of the vertical contact and the highly-doped shell. The drain underlap
contribution to the access resistance is considered as well [99]. The transfer
characteristics of the III-V VNW MOSFET for L G = 100/50/20 nm, are
shown in Fig. 4.6(a). The transconductance value ofgm � 3.1 mS/µm, at
VDS = 0.5 V, corresponds to the previously published device results [15].

The III-V VNW MOSFET compact model is extended to include
parasitic capacitances. The channel inversion chargeQix 0 is partitioned
between the source and drain terminals, resulting in intrinsic MOSFET
capacitancesCgx,i [40, 41]. Furthermore, external parasitic capacitances
Cgx,p are added as well, as described in Subsection 4.2.2. TheCgx values
considered for the mm-wave MOSFET, all include G-gate implementa-
tion, with the vertical spacers (Fig. 4.5(b)), as well as the air spacers
(Fig. 4.5(c)). The di�erent G-gate types are considered also. The mm-
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Figure 4.6: a) III-V VNW MOSFET compact VS model DC response for
L G = 100/50/20 nm, at VDS = 0.5 V. b) The mm-wave cut-o� frequency ( f T ,
f max ) response versus drain current, for the III-V VNW MOSFET with the
vertical spacers, and c) the air spacers. The mm-wave performance is evaluated
at di�erent L G : 100, 50, and 20 nm, for bothG-gate types.

wave III-V VNW MOSFET, used in the performance assesment, contains
300 nanowires organized into �ve gate �ngers, where the total active area
is 12 µm� 8 µm.

The device f T and f max are evaluated with respect to the drain
current I D . Fig. 4.6(b) illustrates the case where the vertical spacers are
implemented. For L G = 20 nm, the f T > 300 GHz andf max > 400 GHz,
demonstrate the vertical nanowire MOSFET performance comparable to
the state-of-the art Si-based devices [17�19]. Even forL G = 100 nm, the
f max > 300 GHz is predicted, due to the reduced parasiticCgd and the high
intrinsic gain, inherent to the III-V VNW MOSFET. In Fig. 4.6(c), the air-
spacer III-V VNW MOSFETs are evaluated. The f T and f max reach values
above 500 GHz, and 700 GHz, respectively, with peakf T � 580 GHz, and
f max � 780 GHz, for L G = 20 nm. Such high f T / f max make III-V VNW
MOSFETs comparable in performance to III-V HEMTs. The discrepancies
in di�erent G-gate types has little impact, demonstrating that the devices
are limited primarily by the parasitic capacitances, rather than the gate
resistance. A further optimization on the nanowire diameter, MOSFET
gate-length, the highly-doped shell, and the carrier mean-free-path, would
enable mm-wave performance boost past the 1 THz limit.
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4.2.4 III-V VNW MOSFET DEVICE-TO-CIRCUIT CO-DESIGN

An unique aspect of III-V VNW MOSFETs is their parasitic capacitance
scaling behavior. The linear dependence of theCgd on the value of L G
allows for the exploration of a di�erent circuit design approach using
such devices. TheG-gate extension can be designed in such a way that
the increase in Cgd (and subsequently, the Cgd,p), due to L G scaling, is
compensated by a decrease in total intrinsic gate capacitanceCgg,i . Such
a MOSFET would have a L G-independent response, for which a resonant
network can be designed, to match the MOSFET's mm-wave response
across di�erent gate-lengths.

The example network that resonates with the Cgd,p is depicted in
Fig. 4.7(a). It is a LC feedback network, where the feedback inductanceL F
resonates with the MOSFET Cgd,p. The feedback capacitanceCF prevents
gate-to-drain DC leakage, but also sets the frequency of the resonant poles,
together with L F . The imaginary part of the feedback admittanceIm f y12g,
for the III-V VNW MOSFET and the feedback network is:

Im f y12g = � Im f ygd + yF g � � !
�

Cgd,p �
CF

1 � ! 2L F CF

�
, (4.2)

where ygd is the MOSFET gate-drain (feedback) admittance, yF is the
resonant feedback network admittance, and! = 2�f is the angular
frequency. The expression is more complex, since the inductanceL F
is realized as a TL segment. Furthermore, the gate-drain capacitance
that is resonating with the feedback network also contains MOL and DIM
capacitance contributions, which areL G-independent. The simulation of
this feedback structure is done in D-band (110-170 GHz), with the selected

Figure 4.7: a) Schematic representation of the resonant feedback design with the
III-V VNW MOSFET. b) Imaginary part of the feedback admittance y12, before
(solid) and after (dashed) feedback implementation, for di�erent gate lengths. c)
Optimum noise matching point Gopt , shifting with the feedback implementation.
d) Available gain circles, at the center frequencyf 0 = 140 GHz, showing MOSFET
unconditional stability. Feedback gain (isolation, s12) shifts to the center of the
Smith chart as well, indicating MOSFET unilateralization.
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Figure 4.8: a) Schematic illustration of the III-V VNW MOSFET-based LNA,
with the resonant feedback network, showing the input, interstage, and the output
matching network. Simulated s-parameters, for the gate length ofL G = 100, 50,
and 20 nm, in D-band: b) for deviceG-gate type A, and c) device typeB. d) Noise
�gure comparison for device G-gate type A, and B, respectively.

design frequency off 0 = 140 GHz. Since high devicef T and f max are
necessary to perform circuit design in D-band, the III-V VNW MOSFET
model with air spacers is used.

Fig. 4.7(b) shows the Im f y12g in the case of a circuit-level MOSFET
(with DIM), without, and with the resonant feedback network applied.
While the circuit-level MOSFET exhibits Im f y12g � 8 mS at 140 GHz,
the total Im f y12g swings around zero, making the III-V VNW MOSFET
e�ectively unilateralized in the frequency range of interest [100]. To
understand how this added admittance re�ects on the device matching
point in the frequency range of interest, the optimum noise re�ection
coe�cient Gopt, and available gain circlesGA are presented in Fig. 4.7(c-d).
Both the Gopt, and the GA shift towards lower impedance values (higher
Q-values), and have very similar values for di�erent L G. The GA values are
also limited to the Smith chart unity circle, indicating that the MOSFETs
are unconditionally stable. The feedback gains12 shifts towards the center
of the Smith chart, which is expected, since the contribution of the feedback
capacitance, which causes instability, is drastically reduced.

To evaluate the full device performance, a two-stage LNA is designed and
simulated. The matching networks are designed according to Appendix A.
The implemented interstage matching network (ISN) is a second-order
network, which reduces the total number of elements and the insertion
loss between the two active stages. The LNA schematic is illustrated in
Fig. 4.8(a), while the LNA response, for bothG-gate types, is presented in
Fig. 4.8(b-d). The type-A-based LNAs con�rm the assumption that the
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L G scaling results in a constant capacitance value. This is con�rmed
by the resonant peaks in the LNA input re�ection and gain, s11 and
s21, respectively. The type-B-based LNAs demonstrate the opposite
capacitance scaling trend, where a clear shift in the resonant peaks ins11, as
well as the s21 deformation, is evident. The LNA design with L G = 20 nm
predicts gain of G � 24 dB. The bene�ts of the unilateral design are
clearly visible in the very high gain value for the two-stage LNA. The
NF values, shown in Fig. 4.8(d), for both G-gate types, are very similar,
with the minimum niose �gure value of NF � 2.5 dB, for L G = 20 nm.
The selected co-design strategy allows for a careful examination of the
III-V VNW MOSFETs as high-performance mm-wave devices, capable of
delivering high drive currents and having high transconductance e�ciency
at scaled gate lengths. Additional circuit design bene�ts are unveiled in
Paper V.

4.3 VERTICAL NANOWIRE MOSFETS LARGE-SIGNAL DESIGN

A speci�c �avor of RF devices are those that operate under high power
density conditions. The III-V compounds are interesting for high-power
applications, from the aspect of ampli�cation, transfer and handling of
high-power signals in the communication systems. Signal �delity, modula-
tion scheme and density of information being transferred depends heavily
on the device parameters, as well as the applicable voltage range [101].
The main physical breakdown mechanisms in III-V MOSFETs are band-
to-band tunneling (BTBT, see Fig. 2.1), and impact ionization. Under
high electric �eld on the drain side, carriers are tunnelling from the drain
conduction band to the channel valence band. The accumulated charge
causes a potential shift in the channel, which lowers the top of the barrier
and creates a positive feedback loop that would ultimately break the
device [102]. To prevent the MOSFET from breaking under high voltage
operation, the electric �eld needs to be spread across the drain region.

The screeningof the electric �eld in the drain region is achieved with a
weak gate coupling over the area between the channel and the drain. Such
region is known as a �eld-plate region, and a III-V VNW MOSFET with
the �eld-plate is illustrated in Fig. 4.9(a-b). The vertical spacer is adjusted
for use as a �eld plate oxide, to moderate the high electric �eld within the
drain region. In Fig. 4.9(c), the energy band diagrams, simulated using
COMSOL semiconductor module, reveal the e�ect that the �eld-plate has
on the energy bands. This is applicable if the region is not intentionally
doped. For doped segments, starting from the nanowire height of 200 nm,
the energy band moderation will not be possible, as is evident for devices
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Figure 4.9: a) Schematic illustration of the III-V VNW MOSFET, with a
�eld-plate region. b) The inset illustrates the �eld-plate region separating the
drain and the channel in the nanowire. c) Energy band diagram of III-V
VNW MOSFET, taken alongside the length of the nanowire, showing increased
separation of the energy bands with increased �eld-plate lengthL fp . d) A
COMSOL-simulated parasitic Cgd , including the �eld-plate (MOS) capacitance,
for L G = 100/50/20 nm. The in�uence of the G-gate is seen only at lowL fp .

with �eld-plate lengths of L fp = 80 nm and 120 nm, where a similar
energy band diagram is observed. Furthermore, the COMSOL simulation
of the parasitic Cgd for di�erent L G, and L fp has been done, as depicted
in Fig. 4.9(d). Although the G-gate overlap causes theCgd increase for
short L fp (as described in Subsection 4.2.3), theCgd values are dominated
by the �eld-plate capacitance contribution for long L fp . The estimated
capacitance density in the �eld-plate region is approx. 2 aF per nm �eld-
plate, per nanowire.

When describing the �eld-plate in the III-V VNW MOSFET compact
model, the transmission factor is scaled, to account for the increased
total e�ective gate length. A portion of the length of the �eld plate
region contributes to this value, depending on the applied drain electric
�eld. Additionally, the contribution to the access resistance needs to be
included as well. These two contributions are modelled separately, since
transmission a�ects the gm peak, while the increased access resistance
shapes thegm roll-o� at high VGS . Fig. 4.10(a) shows the model response
for di�erent L fp , demonstrating approximately 40% reduction in peak
gm , for L fp = 120 nm. Regarding the III-V VNW MOSFET mm-wave
performance, lowergm and higher Cgd,p result in lower simulated cut-o�
frequencies. Fig. 4.10(b-c) showsf T and f max values versusI D , for the
III-V VNW MOSFET with the �eld-plate. When L fp = 0, the estimated
cut-o� frequencies are above 350 and 400 GHz, for 50 and 20 nm gate
length, respectively. When L fp = 120 nm, the breakdown voltage is
expect to increase to VBD = 2V, while the cut-o�-frequencies remain
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Figure 4.10: a) Transfer characteristics for the III-V VNW MOSFET with �eld-
plate, at VDS = 0.5 V, showing I D and gm reduction with increasing L fp . b)
High frequency response of III-V VNW MOSFETs with L fp scaled from 0 to
120 nm (corresponding to an evaluated breakdown voltage from 0.8 V to 2 V), for
L G = 50 nm, and c) L G = 20 nm. The reduction in f T and f max arises due to
increased gate-drain overlap capacitance, dominated by the �eld-plate capacitance.

above 120 GHz. Therefore, the �eld-plate implementation in the III-V
VNW MOSFETs extends their design capabilities into high-power RF and
mm-wave circuits.

4.4 DEVICE AND CIRCUIT BENCHMARKING

Subsequent to the design and the performance evaluation of the LNAs,
is the benchmark analysis of the circuits. The benchmarking helps in
establishing the comparison between di�erent design approaches, as well as
technology implementations. From literature, the technologies which have
been used in D-band are included in Table 4.1. These are 22 nm fully-
depleted SOI (FDSOI) CMOS, 90 nm SiGe HBT, 50 nm InGaAs HEMT,
and 40 nm GaN HEMT. The respective device technologies vary in cut-o�
frequencies, and are represented in Fig. 1.4. For this analysis, the device
benchmark properties are the cut-o� frequencies and the drain current.
In general, the III-V technologies demonstrate higher speed than Si-based
technologies. The 50 nm InGaAs HEMTs have signi�cantf T and f max val-
ues, while the 35 nm version exhibitsf max > 1 THz [107]. GaN HEMTs are
known for their high-power properties, but can also exhibit high frequency
of operation. The III-V VNW MOSFETs bene�t from shorter gate lengths
and InAs source, allowing them to exhibit higher carrier injection velocities
and higher drain currents. Consequently, the highgm value will translate
into the mm-wave performance, as presented in Subsection 4.2.3. Fig. 4.11
outlines the performance of mm-wave-optimized III-V VNW MOSFET,
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Figure 4.11: An addition to Fig. 1.4: the 20 nm III-V VNW MOSFET
optimized for mm-wave operation, showing

p
f T � f max = 675 GHz, and the

total F oM � 3 THz/V.

with the �gure-of-metrit value of FoM � 3 THz/V, a value comparable to
state-of-the-art Si-based and III-V-based technologies.

For the D-band LNAs, parameters such as gain, noise �gure, bandwidth
and power consumption are essential. Here, Si-based technologies show
comparable gain to III-V technologies, but in general, their noise properties
are not as good. In this case, In-based channel material will have
an advantage, due to its low e�ective mass and DoS. The III-V VNW
MOSFETs present a favourable balance of the high gain and low noise
�gure, in an optimized process that enables high operation frequency and
a circuit design option that allows for a very low power consumption
(approximately four times less than Si-based technologies). Such prospect
places III-V VNW MOSFETs at the forefront for the mm-wave circuits
and systems design.
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Table 4.1: Device and circuit performance comparison for representative tech-
nologies, which also include the published D-band LNA evaluation.

Technology

20 nma

III-V VNW
MOSFET

[This work]

22 nm
FDSOI
CMOS
[103]

90 nm
SiGe
HBT
[104]

50 nm
InGaAs
HEMT
[105]

40 nm
GaN

HEMT
[106]

f T (GHz) 360b 240b 300 380 >200

f max (GHz) 720b 230b 350 670 >400

I D (mA/ µm) 0.5 0.3 0.85d 0.3 0.26

Topology 2� CS 4� CCc 3� CC 3� CC 6� CC

GT (dB) 23 16 30 30.8 >25

GT /stage
(dB) 11.5 4 10 10.3 4-5

BW (GHz) 30 40 28 67 >60

NF (dB) 2.5 8.5 6.2 3 6

PDC (mW) 11.4 44 45 57.6 225
asimulated device and circuit performance only; cmA/ µm2;
bcircuit-level performance; ddi�erential design.
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5
Conclusions and Outlook

O
ver the span of this thesis work, a comprehensivetechnology library
is created, with the hope that it can serve those who inherit it
to build their custom devices and circuits, stemming from the

knowledge and experiences accumulated over time. A considerable e�ort is
placed on the implementation of the mm-wave BEOL, whose development
took the major portion of the experimental work in the thesis, contributing
to every publication in this thesis. The mm-wave BEOL forms a base from
which the technology library is launched, together with the lateral, and
vertical nanowire MOSFETs that have been experimentally veri�ed, and
now implemented in a scalable compact model. This thesis attempts to
address those issues, but also left a room for improvement. The thesis
work can be divided into three signi�cant topics, summarized below.

BEOL library and mm-wave circuit veri�cation [Paper I-III] :
The e�ort in the integration of III-V lateral nanowire MOSFETs with
the mm-wave BEOL resulted in the realization of the LNA input stage.
The LNA implementation was preceded by an extensive investigation into
the optimum design of the standalone BEOL. From it, the mm-wave
passive components were designed, fabricated and characterized, including
capacitors, resistors and interconnect via structures. An addition to
the existing BEOL would be a MET5 layer, used as a secondary coil
in a mm-wave transformer, which would expand the mm-wave BEOL
towards the di�erential circuit design, mostly used in circuit design in
a Si-based technology platform. Furthermore, a complete multi-stage
lateral-nanowire-based ampli�er could be realized, since both the FEOL
and BEOL have already been successfully integrated, and demonstrated
that the technology can be applied in mm-wave circuit design.
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III-V VNW MOSFET technology library [Paper V-VI] : This
topic covers the realization of the III-V VNW MOSFET compact model
and associated process monitor kit. As such, these components are
valuable in establishing a process �ow and characterizing speci�c MOSFET
parameters, although they have not been published in their true form.
Instead, they are rooted in other works. From this library, the co-integrated
RF BEOL is derived, a simpli�ed option for the circuit design that uses
vertical nanowire MOSFET 3D structure. The characterization of this
BEOL has been performed in the same way as for the mm-wave BEOL,
evaluating the mTRL kit and passive components. A MOSCAP structure
with a thin ferroelectric dielectric layer is fabricated and characterized at
high frequencies. The concept of unifying basic material research with the
more complicated processing scheme, such as RF BEOL allowed for new
characterization possibilities to be established. Furthermore, it motivates
the integration of III-V ferroelectric VNW MOSFETs. Finally, the key part
of the technology library is the III-V VNW MOSFET, integrated on the Si
substrate. The experience gained in performance evaluation of the vertical
nanowire heterostructure design, guided the optimization of the mm-wave
III-V VNW MOSFET. The resulting cut-o� frequencies are comparable to
III-V HEMT values. Additionally, the device large-signal performance is
modelled, including a �eld-plate structure.

III-V VNW MOSFET mm-wave circuits [Paper IV-V] : A mm-
wave BEOL is combined with the vertical nanowire MOSFETs. A concept
of unilateralization using features of III-V VNW MOSFET design allowed
for the state-of-the-art simulated LNA performance. The device parasitic
capacitances have demonstrated unique scaling capabilities, which result
in a circuit design that is mostly gate-length independent. To date, this
feature is established for III-V vertical nanowire MOSFETs only. The
circuit design could be expanded into the large-signal domain, where
device power-handling capabilities could be explored. A speci�c power
ampli�er would yield valuable insights into linearity of III-V vertical
nanowire MOSFETs. The technology library with device and circuit
models represents a complete set, capable of generating high-performance
state-of-the-art mm-wave devices and circuits.

For the most part, the results are summarized in the attached papers,
while some speci�cs are left to be examined in this thesis. Therefore,
this Introduction contains valuable information that could not be included
in the scienti�c publications, but establishes the foundation for the �nal
result. The author hopes to inspire the reader into embarking onto a sci-
enti�c path, where many unexplored niches are waiting. The contribution
of this thesis is simply a steppingstone into a world ready to be discovered.
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A
Optimum matching network design

I
n this appendix, the path from device design to circuit implemen-
tation is presented. As it is an essential part of the circuit design
e�ort presented in this thesis, it should be elaborated in more

detail. The described procedure includes the device treatment, matching
point selection and matching network generation and transformation.

A.1 RF DEVICE IN CIRCUIT DESIGN ENVIRONMENT

In the Introduction , a description of the III-V VNW MOSFET is provided.
The device behavior is subsequently captured in the compact model, which
is used in the circuit design. Prior to designing the matching network
(MN), the device size and the bias point need to be selected. Furthermore,
parameters such asf T / f max , the maximum gain Gmax , the minimum noise
�gure NFmin , the stability factor K , and input/output impedance Z in / out ,
are essential in understanding the device performance. In an iterative
process, the device operating point and dimensions are tuned, so that
selected RF parameters are reaching their optimum value, needed for the
successful matching network, and circuit design.

In this thesis, the III-V nanowire MOSFET is analyzed for LNA
operation, so the device is optimized forNFmin and the value of the
noise-optimum matching point Gopt (Zopt). Fig. A.1(a) shows the bias-
dependent Gmax and NFmin for a standalone 5� 60 (WG � 23.5 µm)
20-nm III-V VNW MOSFET at f 0 = 140 GHz. As device Gmax and
NFmin are changing very little in a voltage span of� 0.15 V around thegm
peak, the chosen bias point isVGS = 0.3 V, which gives I D = 0.5 mA/ µm
and gm = 2.8 mS/ µm, which spends 40% less power, as compared to
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Figure A.1: III-V VNW MOSFET gate-source voltage-dependent maximum gain
and minimum noise �gure at f 0 = 140 GHz. The right y-axis shows the MOSFET
DC parameters: I D and gm . b) Gain and noise circles, atVGS = 0.3 V, and
f 0 = 140 GHz. The gain circles show that the device is potentially unstable.

the peak gm point. The device gain and noise circles are illustrated
in Fig. A.1(b). The noise parabola is wide, and NF increases by
0.7 dB for 50 
 impedance. The device is conditionally stable, however,
since gain circles are partially outside the Smith chart. As described
in Subsection 4.2.4, device is embedded in the mm-wave BEOL, and
stabilized with the resonant feedback network, which shifts the gain and
noise matching points (illustrated in Fig. 4.7(c-d)). The resulting noise-
optimum matching impedance Zopt = Ropt + 1/ j!C opt is then used for
matching network design.

A.2 OPTIMUM MATCHING NETWORK TRANSFORMATIONS

The initial investigations into MN design have been presented in [108],
while the theory is developed further in [109, 110]. The concept ofBode-
Fano limit originates from these works, and relates the impedance, and the
selected matching level, to the network's available frequency bandwidth,
as:

ln
�

1
jGj

�
�

�
2R!C

=
�

2Q
, (A.1)

where R and C represent the matching impedance,Q is the corresponding
(device input/output) quality factor, and G is the selected matching level.
Therefore, the value of G depends on the device properties, which are
re�ected in the matching impedance. From this fundamental expression,
an analytical model that determines the value of each matching element is
developed [111�113].

The analytical models are used to derive coe�cients for a Chebyshev
low-pass prototype �lter, from the obtained device Zopt. Limitations are
placed depending on the network order and the terminating impedance.
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Figure A.2: An optimum (input) matching network realization: a) a second-
order low-pass prototype network; b) band-pass equivalent LC network, with a
impedance transformation; c) transformer absorption into the matching network
(Norton transform); d) replacement of ideal components with real TL segments
and �nite-Q capacitors. e) Ideal, and TL-based (mm-wave BEOL) MN response.

Fig. A.2(a) illustrates the second order low-pass prototype network that
matchesZopt to Z0 = 50 
 . Note that the device reactive component is also
the part of the network, so only one additional element is needed. Since
the input reactance is capacitive, the second-order element is therefore
inductive. This low-pass prototype is scaled to its band-pass equivalent
(Fig. A.2(b)), where to each element a resonant equivalent is added.
Their values are scaled so that they resonate at the design frequency.
Additionally, an ideal n:1 transformer is needed to convert deviceRopt to
50 
 , and is subsequently absorbed by the matching network in the next
step. In Fig. A.2(c), transformation of inductors into a T-network will
generate a 1:n transformer, which annihilates with the transformer. This
procedure is known as Norton transformation [114,115]. Additionally, the
network's capacitance value is transformed, as transformers are moved
through the network.

The ideal inductor-to-ground is replaced with a shorted stub, series
inductors are replaced by TL sections, while capacitors are replaced with
their �nite-Q models (Fig. A.2(d)). A DC-block capacitor is added as
well, to isolate the DC current path from the RF source. Additionally, the
network is completed by replacing ideal ground of the shorted stub with a
bias network capable of supplying DC bias for the active device, while still
acting as an RF-short at high frequencies (not shown). This is typically
achieved by placing a bypass capacitor instead of a short. The simulated
response of the designed input (optimum) MN is shown in Fig. A.2(e).
The second-order ideal network will have two poles, while the matching
level for this design has been selected asjGj = 0.1 (-20 dB). The TL-based
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network, realized in mm-wave BEOL, exhibits similar matching level, but
with an insertion loss of approx. 1.3 dB at 140 GHz, due to MS line loss.

Similar to the input MN, an interstage and an output MN can be
implemented. The network order will vary based on G, and Z in / out .
The LNA, shown in Fig. 4.8, has all three MN types implemented.
Alternatively, the input MN for III-V LNW MOSFETs employs additional
tricks to optimize the network response. More interesting examples of the
design of matching networks are provided in [116, 117]. The references
provided in this Appendix and in Papers should guide the reader towards
understanding the basic MN implementation, while the actual MN design
always depends on the active device, but also on the circuit designer.
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