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Abstract

DY OWER dissipation has been the major challenge in the downscaling of

g transistor technology. Metal-Oxide-Semiconductor Field-Effect Tran-
4 sistors (MOSFETs) have struggled to keep a low power consumption
while still maintaining a high performance due to the low carrier mobilities
of Si but also due to their inherent minimum inverse subthreshold slope (S >
60 mV/dec) which is limited by thermionic emission.

This thesis work studied the capabilities and limitations of III-V based
vertical nanowire n-type Tunneling Field-Effect Transistor (TFET) and p-type
MOSFET (PMOS). InAs/InGaAsSb/GaSb heterojunction was employed in
the whole study. The main focus was to understand the influence of the
device fabrication processes and the structural factors of the nanowires such
as band alignment, composition and doping on the electrical performance of
the TFET. Optimizations of the device processes including spacer technology
improvement, Equivalent Oxide Thickness (EOT) downscaling, and gate un-
derlap/overlap were explored utilizing structural characterizations.

Systematic fine tuning of the band alignment of the tunnel junction resulted
in achieving the best performing sub-40 mV/dec TFETs with S = 32 mV/dec
and Ion = 4 uA/um for Iopr = 1 nA/um at Vpg = 0.3 V. The suitability of
employing TFET for electronic applications at cryogenic temperatures has
been explored utilizing experimental device data. The impact of the choice
of heterostructure and dopant incorporation were investigated to identify
the optimum operating temperature and voltage in different temperature
regimes. A novel gate last process self-aligning the gate and drain contacts
to the intrinsic and doped segments, respectively was developed for vertical
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InGaAsSb-GaAsSb core-shell nanowire transistors leading to the first sub-100
mV/dec PMOS with S = 75 mV/dec, significant Ion/ Iopr = 10* and Iyqn <
1nA/pum at Vpg =-0.5V.
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Popular Science Summary

Why do the mobile phones today have a bad battery life? Are we just
polishing up the old school transistors to quench the thirst of today’s
technology? This thesis work focused towards developing unconventional
low power transistors to make our future gadgets much better.

A fine day can get easily ruined when you get stranded on a street - trying
to make an important call, use google maps to get to somewhere or pay
digitally at a store - and your mobile phone gets switched off! Such a problem
might have been unimaginable 40 years ago. But today life has become easier
and more comfortable with a smartphone to the extent that without it, life
seems impossible. In 1973, Motorola made the first mobile phone and Martin
Cooper made the first call from AT&T Bell Labs at New York. Since then, the
development in the mobile phone technology has been remarkable. They have
come a long way from heavy brick sized ones that needed to be kept inside
cars to the tiny ones today that can be carried around in a pant-pocket. The
functionalities that they provide though has kept expanding with cameras and
processors integrated on the handsets to take, process and store pictures and
technologies that could offer internet services. In addition to the smartphones,
the assortment of portable devices we use today has grown tremendously
ranging from wearable health watches to fully connected smart homes and
cars. Each generation of the smart devices developed, have greatly eased the
way we live our lives. However, efficient consumption of energy to provide
long battery lives without compromising the performance have always been
a challenge for the electronic industry.



Have you ever thought how we could keep expanding the features on
such small devices? We shrank the transistors and increased their number
to improve performance. But this scaling has not come for free. The leakage
current from each transistor kept increasing and has reached a point today
where the devices are power hungry, getting heated up and eating away the
battery charge very quickly. The power problem would continue to limit the
capabilities of the new era of smart internet connected electronic devices and
in a fast-growing technology dependent world this cannot be overseen.

In this thesis work, we attempt to tackle these issues by developing transis-
tors with binary materials (III-V) including elements from group 3 and 5 of the
periodic table that can offer higher performance at lower supply voltages as
compared to conventionally used silicon. A new type of transistor called the
Tunnel Field-Effect transistor has been studied in this thesis. The transistors
have been fabricated using III-V materials and operate at voltages five times
lower than today’s mobile phone circuits which would mean 25 times decrease
in mobile phone power consumption. Moreover, we have attempted a step
forward in the scaling process by implementing this technique on nanowires
that are just 10nm wide and 400nm long. The studied technology has great
potential to be integrated on the current silicon fabrication schemes and could
ease the development of future big technologies such as brain-like computing
and Internet-of-Things (IoT).
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Preface

§ HIS thesis is the culmination of more than five years of work in
4| the Nanoelectronics group at Lund University and presents detailed
il studies of vertical nanowire I1I-V TFET and MOSFET suitable for low-
power applications. The work has been performed under the supervision of
Doctor Johannes Svensson, Professor Lars-Erik Wernersson and Professor Erik
Lind.

STRUCTURE OF THE THESIS

The thesis is divided into three main parts: Introduction, Appendices and
Papers. The thesis is a compilation of the articles appended at the back with
the introduction acting as a discussion of the devlopments within the research
field and providing an outline of the fundamental concepts on which the
papers are built upon. The introduction together with the appendices is aimed
to help future doctoral students to deepen their understanding and ease the
developments of the device fabrication without difficulty.

e INTRODUCTION

The introduction firstly motivates the thesis work presenting its neces-
sity and application. Fundamental principles behind device operation
are discussed along with a survey of the relevant literature both from
academia and industry. The device fabrication process developments
performed during this thesis resulting in the publications are discussed.
The influence of different process schemes and the critical factors deciding
the device performance are highlighted. Finally, the performance im-
provements achieved and the knowledge obtained of the device operation
over the five years of this thesis work are presented with an outlook on
future optimization strategies.
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o APPENDICES

A Fabrication of Vertical Nanowire Field-Effect Transistors
Appendix A details the process steps involved in the fabrication of
vertical nanowire FETs.

B Fabrication of Core-Shell Vertical Nanowire Field-Effect Transis-
tors
Appendix B details the additional process steps than those in Ap-
pendix A that are involved in the fabrication of FETs from core-shell
nanowires.

e PAPERS
The papers forming the main body of the thesis are reproduced in the
back and listed in the following.

INCLUDED PAPERS

The following papers form the main body of this thesis and the respective
published or draft versions are appended in the back.

Paper I
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INTRODUCTION







Motivation

1.1 THE POWER STRUGGLE

Information and Communication Technology (ICT), which refers to technolo-
gies used to transmit, receive, store, create, share, and exchange information,
has seen an unprecedented growth in the last two decades. This has led
to an explosive growth in the global market for ICT devices such as PCs,
laptops, smartphones, and tablets especially after the beginning of the internet
era. While the total power consumption of the stationary PCs had been
increasing by 10x every decade, the portable devices’ energy consumption
had increased by 10* [1]. The alarming trend if continued without action
would, by 2040, result in portable devices consuming power equivalent to
that of supercomputers. From a global electricity usage perspective, the ICT
share currently is 6-9% and is predicted to double in the next decade [2].
The energy consumption of ICT is usually analyzed by using four categories:
consumer electronics, datacenters, network infrastructure and manufacturing
of the above categories. Consumer electronic devices were the major energy
consumers in the early 2000s. With development in digital media and internet,
cloud storage and online information sharing increased drastically which led
to heavy usage of datacenters increasing their share of energy usage. Recent
advances in the Internet-of-Things (IoT) concept would wirelessly connect
several ICT devices to each other and to datacenters and networking services
taking a major share of ICT electricity usage in the coming decade [3]. Such a
system requires the devices to be on standby all the time to allow prompt com-
munication with each other. Transistors, which are the fundamental building
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block of most electronic devices, dissipate power not only during active circuit
operation (dynamic power) but also when a supply voltage is applied but no
new input given to the circuit due to leakage currents (static power). With the
developments in the transistor technology over the years achieved through
transistor scaling, the leakage power has increased exponentially accounting
to nearly 70% of the total power dissipated by the transistors [4]. Though
improvements in the transistor architecture has helped alleviate this issue, the
future of ICT poses strict constraints on the static power consumption of the
transistors requiring novel technology developments.

EVOLUTION OF TRANSISTORS

The first transistor developed in 1947 by Bell Laboratories was nearly 4000
times larger than today’s 10nm node transistor [5]. Gordon Moore, the co-
founder of Intel, observed in 1965 that integrating larger and larger circuit
functions on a single substrate by increasing area efficiency and reducing
the cost per component were key to the growth of the IC industry. In this

a) b)

Figure 1.1: Transistor technology evolution (a) Planar FET (b) FinFET (c)
Stacked Nanosheet/Nanoribbon FET (d) Vertical Nanowire FET.



1.3

1 Motivation

regard, Moore’s law came into practice which states that the transistor density
per chip doubles every 18-24 months. To keep up with Moore’s predictions,
Dennard formulated the transistor scaling rules in 1974 which states that all
dimensions and supply voltage of the transistor device must be scaled by the
same factor to improve the transistor performance while maintaining constant
power density. Reducing the area of the transistor reduces the necessary drive
voltage and the capacitance thereby allowing circuits to operate at higher
frequencies at the same power. However, Dennard scaling failed to account
for the increasing leakage currents with downscaling and the semiconductor
industry hit a power wall saturating the supply voltage at 0.7-0.5 V. The
power wall problem was overcome by introducing parallel computing using
multicore processors. Amidst the power constraint era, the transistor scaling
has continued owing to the introduction of new materials such as strained Si,
high-k gate oxide and metal gate and new process development schemes such
as self-aligned multi-patterning lithography techniques.

A great leap forward happened at the 22nm node when planar Metal-
Oxide-Semiconductor Field-Effect Transistor (MOSFET) device architecture
was replaced by FinFET with tri-gate (Fig 1.1) to reduce leakage currents
and improve gate control [6]. The FinFET has proven to deliver the intended
performance per watt up until the 3 nm node. New device architecture con-
sisting of 3D stacked nanosheets/ribbons with gate-all-around configuration
have been demonstrated to serve beyond the 3 nm node [7,8]. A transition
from horizontal to vertical transport has also been suggested to reduce device
footprint. Such vertical devices has recently been demonstrated by IBM
using vertical nanosheets [9]. In line with the roadmap for future technology
developments, this thesis work studies the vertical nanowire gate-all-around
transistors [10].

lll-V SEMICONDUCTORS

Silicon has dominated the semiconductor industry for several decades now.
With the constraints limiting the scaling of the current transistor technology,
it is necessary to look beyond Si and materials such as III-V compounds
have demonstrated to be an attractive alternative [11]. III-V materials have
lower effective mass and higher carrier mobility than Si which refers to how
easily the charge carriers can flow through the transistor. InAs exhibits 30
times higher electron mobility than Si while GaSb exhibits 2 times higher hole
mobility as listed in Table 1.1 and could thus be used as n-type and p-type
alternatives to Si in Complementary MOS (CMOS).

In the electronics industry, the III-V High Electron Mobility Transistor
(HEMT) has been commercialized for high-frequency applications for several
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Table 1.1: Comparison of carrier mobility of Si with
potential III-V compounds for electronics applications.
The stated mobilities are for bulk crystals [12].

Materials Electron mobility ~ Hole mobility

(em?v—1s—h) (cm?v—1s71)

Si 1.4*10% 4.5*10?

InAs 4*104 5+102
Ing53Gag.y As 12*103 3*102
GaSb 3*103 1*103
InSb 7.7%10% 8*102

years now. For low-power applications, III-V CMOS are better suited due to
their oxide barrier providing relatively lower leakage currents than HEMT.
However, III-V CMOS has been lagging in performance due to their poor
oxide interface and lack of good III-V p-type MOSFET (PMOS). The native
oxide of Si gives a high-quality semiconductor-oxide interface which in turn
provides good electrostatic control of the transistor device. The III-V materials
on the other hand form poor native oxides and dangling bonds that act
as defect centers and lead to Fermi level pinning which prevents effective
electrostatic control. The high-k gate oxide alleviates this issue somewhat,
but the material still requires development to reach the quality of a Si-oxide
interface [11].

1.4 NEED FOR STEEP SLOPE DEVICES

Although the transistor density has increased 100x between the 45nm and
14nm nodes, the performance and power improvements have only been 2x
and 0.25x respectively [13]. This discrepancy is mainly due to the power-
performance counterbalancing problem. Both the static power and dynamic
power consumption can be reduced by supply voltage Vpp scaling. However,
the same overdrive voltage (Vpp - Vr) is required to deliver the required on-
current (Ion) and hence a simultaneous reduction in threshold voltage Vt
is needed. Unfortunately, such a downscaling increases the off-state current
(Iorr) as shown in Fig 1.2(a) leading to increased static leakage power which is
unfavorable especially for today’s growing smart phones and portable devices
that rely on limited cooling and battery resources.
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This trade-off between the on- and off- state in MOSFET arises from its
inherent charge transport mechanism, thermionic emission. The subthreshold
swing S, which is defined as the gate voltage change required to increase the
current by one order of magnitude, is given by

= IWas :aVGS s =mxn= <1+
dlog(Ips)  9ys dlog(Ips)

where Vs is the gate voltage, s is the surface potential, Ipg the drain current,
Cs the semiconductor capacitance and Cjng the insulator capacitance. At room
temperature (300 K),kT = 25 meV gives a minimum limit of S = 60 mV /dec in
MOSFETs due to their temperature dependence. The "m" factor in equation
1.1 describes how efficiently the gate voltage modulates the surface potential
and the "n" factor describes how the drain current changes as the surface
potential is modulated. The power constraint in the current technology
platform requires the state-of-the-art low power MOSFETs to have S as close
to 60 mV/dec as possible as explored with PMOS in this thesis.

To overcome this bottleneck and have reduced leakage with physical scaling
of the transistors, a steep slope device demonstrating S < 60 mV/dec is
required. This can be achieved by enhancing the translation of gate bias
to the surface potential thereby reducing the body factor m in equation 1.1
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Figure 1.2: (a)Schematic transfer curve illustrating the power challenge in a
MOSFET. Reducing Vpp from Vpp; to Vppy reduces the Ign as shown by
the gray dot and hence Vr shift (red dotted line) is required to maintain
Ion. However this results in an increased Iopg. (b) Comparison of TFET
and MOSFET switching characteristics. The green dot denotes the transition
point below which TFETs are advantageous compared to MOSFETs.
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as in negative capacitance FET, Metal Insulator Transition FET and Electro-
Mechanical FET [14]. The sub-60 mV/dec switching can also be achieved by
reducing the factor n in equation 1.1 by changing the conduction mechanism
of the device as in Tunnel Field-Effect Transistor (TFET) that are explored in
this thesis. The TFET, due to its steep switching capabilities as seen in Fig
1.2(b), offers improved performance compared to the MOSFET for the same
operating voltage or reduced leakage for the same performance [15]. Such
an operation is especially suitable for applications that require low standby
power as discussed in section 1.1. At operating power supply voltages beyond
the green transition point in Fig 1.2(b), the MOSFET offers higher Ion and is
hence suitable for high performance applications.

THESIS CONTRIBUTION

The primary motive of this thesis is to explore the potential of III-V PMOS
and III-V n-type TFET to replace Si CMOS for low power applications. The
analysis is performed by designing, fabricating, and characterizing transistors
using vertical InAs/InGaAsSb/GaSb heterostructure nanowires. Thus, this
work aims to address the device scaling requirements and power dissipation
problems of the current semiconductor technology.

Paper I discusses the drawback of using the gate-drain underlap device
structure to suppress ambipolar off-state leakage currents in a TFET.

Paper II presents a systematic study of the influence of the band lineup at
the tunnel junction on the performance a TFET device.

Paper III is the outcome of the investigation performed in Paper II togther
with optimizations in device design to suppress leakage paths resulting in
sub-40 mV/dec TFET with the highest drive currents reported.

Paper IV attempts to identify the optimum operating voltage and temper-
ature for a TFET and provides a thorough analysis of the operating principle
of the device in different bias conditions and temperature regimes.

Paper V presents the sub-100 mV/dec switching capabilities of an In-
GaAsSb channel for a PMOS device.

Paper VI studies the intrinsic capacitances in a vertical nanowire TFET
and identifies the device design changes that are required to improve the
RF performance.

Paper VII presents the measurement of the strain of the wrap gate on an
individual vertical nanowire structure.



1 Motivation

1.6 THESIS OUTLINE

The introduction chapters provide a broader overview of the studies pre-
sented above towards the goal of further understanding the papers.

Chapter 2 provides a background of the critical electrical parameters for
analysis of a FET. The fundamentals of TFET, the steep slope low supply
voltage alternative to MOSFET, are also discussed describing the physics and
the unique electrical characteristics of these devices. An overview of the
research efforts in the field of III-V n-type TFET and PMOS is also presented.

Chapter 3 describes the design and fabrication of III-V vertical FET. The
process schemes developed during this thesis targeting specifically to reduce
leakage currents is explained in detail. The critical factors governing each pro-
cess step in the fabrication flow are also highlighted. The device fabrication
of a hybrid PMOS-TFET on a single vertical nanowire is described.

Chapter 4 focuses on the device characterization techniques adopted to
understand the physical limitations of the transistors. The role of defects
in the structure and their contribution to the device performance is examined.
The benefits of electrical characterization in different temperature regimes are
presented. Finally, the performance of the different generations of transistors
developed during this thesis are compared and benchmarked against other
III-V devices in the field.

Chapter 5 summarizes the contribution of this thesis work to the research
field and provides an outlook of the future device optimizations required to
improve the performance.






2.1

Background

HIs chapter will give an overview of the important concepts to
q understand the fundamental physics of the devices studied in this
| thesis work. The electrical characterization techniques used to get
insights into the performance and the structural quality of the materials are
also discussed. A brief review of the research efforts reported in literature in
the field of III-V TFETs and III-V PMOS is presented to provide a background
to the devices developed within this thesis work.

TUNNEL FIELD EFFECT TRANSISTORS

A conventional MOSFET transistor consists of a potential barrier as illustrated
in Fig 2.1(a) and the charge transport over the barrier is based on thermionic
emission. The high-energy carriers in the Fermi tail govern the transport
and influence the device on-off switching limiting the subthreshold swing as
discussed in section 1.4. Hence if the participation of the exponential tail of
the Fermi distribution in the conduction process is cut off, the leakage of these
high-energy charge carriers in the off- state can be prevented.

The tunnel diode and the TFET derived from it circumvent this problem by
operation based on inter-band tunneling mechanism as illustrated in Fig 2.1(b)
unlike the thermionic emission process in MOSFET. In 1958, Esaki invented
a narrow junction diode that conducts more in the reverse direction than in
the forward direction which was later named the tunnel diode [16]. A TFET
consists of a p-i-n junction with p-source, intrinsic channel, and n-drain. In
the on- state, when the band alignment is in favor of tunneling, the electrons
tunnel from the valence band of the p+ source to the conduction band of the
n- channel and the carrier transport is governed by the width of the tunnel
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junction. This way, the exponential tail of the Fermi distribution is filtered
by the bandgap like in a band pass filter resulting in electrons with lower
energy participating in the conduction process. Such a filtering reduces the
leakage currents and significantly improves the OFF-state performance of a
TFET compared to MOSFET assisting in steep switching.

The transmission probability of carriers through the tunnel barrier can be
calculated using the Wentzel-Kramer-Brillouin approximation [17],

aAy[2m* JES3
VIV 2.1)

Twis = €Xp | =30 (. 7 A®)

where A is the screening tunneling length, m* effective mass, E; bandgap,
and A® is the energy window for tunneling. Just as how the gate bias Vg
controls the Fermi energy for transport in MOSFET, Vg in a TFET controls
A® and only the carriers within A® can tunnel into the channel. A positive
drain bias Vpg reverse biases the p-i-n junction for TFET operation. A channel
material with small m* and Eg will improve the tunneling probability as seen
in equation 2.1 and thereby increase the on-current (Ipn). The tunneling
current in a 1D single subband nanowire can be calculated using Landauer-
Buttiker formalism as stated in equation 2.2 [18].

2 Ec,c
Ion = 7‘7 i T(E)f(E, Egs)dE 2.2)

()

— —
> >
() ()
~ ~
> >
2 Sy
(0] )]
C [
L L

on-state VB on-state
------------ off-state e Off-state
Distance (nm) Distance (nm)

Figure 2.1: Band structure of (a) MOSFET and (b) TFET under ON- and OFF-
states. The carrier transport in MOSFET is enabled by thermionic emission
over the potential barrier while in TFET conduction is by tunneling through
the heterojunction barrier. The arrows indicate the carrier transport.
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where f is the Fermi Dirac distribution function, Egg the Fermi level of the
source, E.. the channel conduction subband edge, Eys the source valence
subband edge.

Though ideally band-to-band-tunneling is the phenomenon governing cur-
rent flow in TFET, several non-idealities of the device could contribute to
additional currents. Fig 2.2 shows the different leakage paths through the gate
oxide for any type of FET and also those that arise due to material defects
and short-channel effects. Though a band structure of a TFET is utilized
to describe the different leakage paths, many of them are also applicable to
MOSEFETs. Defects in the gate oxide and at the oxide-semiconductor interface
can change the electrostatic control of the device and act as leakage paths.
Defects in the channel, source or heterojunction can induce trap states and
band tail states in the bandgap resulting in leakage paths and currents [19].
A degenerately doped source can have its Fermi tail within the conduction
path resulting in increased leakage currents and worse S. A narrow tunnel
barrier at the drain-channel heterojunction can result in tunneling in the off-
state leading to ambipolar conduction for both positive and negative Vs.

a) b)

[y
N

Source Channel Drain

Metal Oxide Semicond

Figure 2.2: (a) Schematic illustration of the leakage paths through the gate
oxide. (1) Oxide traps within the material, (2) Border traps a few monolayers
from the oxide-semiconductor interface and (3) Interface traps at the oxide-
semiconductor interface. (b) Schematic illustration of the leakage paths in a
TFET. (1) Ambipolar conduction in the off-state due to narrow tunnel barrier
at drain junction. (2) Shockley Reed Hall generation recombination. (3)
Tunneling through band tail state or defect state in the source. (4) Trap-
assisted tunneling.The red dash represent the trap state.
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Efforts taken during this thesis in optimizing the device design to suppress
ambipolarity are discussed in section 3.3. A more detailed discussion of the
influence of defects on the device performance studied during this thesis can
be found in chapter 4.

Since Band-To-Band Tunneling (BTBT) is the dominant transport mecha-
nism in TFET, the Ion achieved is usually lower than that obtained with a
MOSFET. However, this can be overcome by engineering the band alignment
of the source valence band edge to the channel conduction band edge to
increase the tunneling probability. Fig 2.3 illustrates the different possible
band alignments. Silicon would have been the favorable material of choice
due to their industrial compatibility. However, TFETs made from Si suf-
fer from poor on- state due to indirect and large bandgap as seen from
the devices demonstrated within the research field (section 2.3) driving the
search for alternative materials [20]. Also, homogeneous tunnel junctions can
be engineered only with dopant engineering or electrostatically, leading to
challenges in achieving balanced Ipn and off- current (Iopp). Using a small
bandgap material at the source to improve the tunneling current and large
bandgap material at the drain to reduce the ambipolar reverse tunneling can
be used to balance the on- and off- state performance of a TFET. This can
be achieved by using different III-V materials to form heterojunctions. Apart
from their high-performance deliverability, III-V materials also have a direct
bandgap unlike Si which eases the tunnelling phenomenon in TFET thereby
improving the on- currents [18]. The existence of several III-V compounds
enables the formation of heterogeneous tunnel junctions. Such a possibility of
band engineering provides an extra degree of freedom to reach an optimum
tunnel junction as studied during this thesis work. Between the different
types of heterojunctions, a broken band alignment to achieve high Ion can
worsen the Iopp and S while a staggered band alignment will result in low
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Figure 2.3: Band edge alignment for different III-V configurations (a) Homo-
junction (b) Heterojunction with a staggered band alignment (c) Heterojunc-
tion with a broken band alignment.
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Ion. A near-broken band structure is ideal for a good performing TFET [17].
Finding the right balance between S, Ion and Iopp using band engineering is
the challenge currently in tapping the full potential of the TFETs.

2.2 TRANSISTOR ELECTRICAL CHARACTERISTICS

2.21

The electrical performance of a transistor can be evaluated using certain
measurement techniques. The preliminary requirement for the measurements
is to define the device configuration. For all transistors used in this thesis, the
voltage bias was applied with reference to the source and hence the gate and
drain bias and drain current are denoted as Vs, Vps, and Ipg, respectively.
All currents, including those measured and extracted, are normalized to the
number of nanowires in the device and the circumference of the nanowire.
Such a normalization eases the comparison of performance between different
devices irrespective of their dimensions.

PERFORMANCE METRICS

The drain current Ipg is commonly measured for various Vg and Vpg sweeps
resulting in transfer and output curves as shown in Fig 2.4. Several metrics
can be extracted from the data to evaluate the device for specific applications.
The polarity of Vg and Vpg are opposite between n- and p-type devices to
assist electron and hole transport respectively.

ON & OFF CURRENT

The transfer curve describes the switching capabilities between off- and on-
state of the device. The Iogr is the current that flows when the device is turned
off (Vigsoff) and ideally it is 0 A at Vg = 0 V. However, in reality the non-
idealities as described in Fig 2.2 result in non-zero leakage currents resulting
in non-negligible Iopr. Depending on the application, Iopr = 100 nA/pum,
1 nA/pm and 100 pA/um are required for high performance, standard and
low power applications, respectively. The Ioy is defined with respect to the
used Iopr as described in equation 2.3. The ratio between Ipn and Iopp is an
important DC metric, and several orders of magnitude ( 10°) is desired for a
good switch for digital logic applications.

Ion = Ips (Vis,off + Vs) (2.3)
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THRESHOLD VOLTAGE

Threshold voltage (Vr) is defined as the gate voltage at which significant
electrons start to flow from source to drain. It can be extracted by fitting
a tangent to the transfer curve in linear scale and the x-intercept gives the
threshold voltage. Below threshold, Ipg decreases exponentially which is
seen as a linear segment in the logarithmic transfer curve and indicates the
subthreshold region of operation.
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Figure 2.4: Electrical characteristics for an InAs nanowire n-type MOSFET.
(a) Linear characteristics specifying the evaluation of maximum transconduc-
tance (gm) and threshold voltage (V). (b) Logarithmic characteristics with S
indicated. The definition of Iy for a given Iggr and overdrive voltage is also
illustrated. (c) Output characteristics showing the evaluation of on-resistance
(Ron) and output conductance (g4). The characteristics and critical parameters
for a p-type FET are similar with opposite polarity.
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SUBTHRESHOLD SWING

The inverse subthreshold slope or subthreshold swing S, as discussed exten-
sively in the previous sections of the thesis, is the gate voltage change required
to increase the current by one order of magnitude as described in equation 2.4
and is an important DC metric that identifies the device switching capabilities.

1
S = alog(IDs) (24)

] VGS

S can be extracted from the subthreshold region of the logarithmic transfer
curve and a steep S signifies a large Ion/ [orr ratio.

TRANSCONDUCTANCE

Transconductance is an important metric for RF applications especially for sig-
nal amplification. It is, as described in equation 2.5, the current amplification
obtained from small changes in the gate voltage.

. aIDS

Fig 2.4 (a) shows the extracted gm that peaks in the strong inversion region
of the device operation. The ratio of gm/Ips is an important metric in circuit
design that states the capability of the transistor to translate power (i.e the cur-
rent) into gain (i.e the transconductance) and is called the transconductance
efficiency [21].

ON RESISTANCE

The on- resistance (Ron) of a transistor is the resistance between source and
drain in the on-state and can be extracted from the output curve at Vg > Vt
and Vpg = 0 V. Ry captures the intrinsic resistance of the material as well as
the extrinsic parasitic resistances due to poor contacts and uncontacted lead
regions. TFET suffers from a large resistance at the tunnel junction leading to
a high Rop, as seen from Fig 2.4 (c).

OUTPUT CONDUCTANCE

The output conductance (g4) is the change in the current for small changes in
the drain bias as described in equation 2.6 and is extracted from the saturation
region of the output curve.

. E)IDS

m = m (2.6)
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Ideally, g4 should be zero as Ipg is independent of Vpg and should depend
only on Vig. But, for short channel MOSFETs, Drain Induced Barrier Lower-
ing (DIBL) as seen in Fig 2.4 (b) results in a large gq. The intrinsic gain or the
self-gain of a transistor is the maximum possible voltage gain and is given by

8m
Ay = 2.7
e (2.7)

A small g4 and large gm is crucial for obtaining a large gain and hence an
amplifier is usually biased in the saturation region.
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Figure 2.5: Characteristics and parameters specific to TFET. (a) Ipg vs S
plot specifying Ig jow and Igohigh- (b) Electrical Characteristics measured in
forward bias showing the NDR behavior in a TFET. (c)-(f) Band diagrams
illustrating the conduction paths at the critical points marked in (b). The
arrows indicate the direction of carrier flow.
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2.3

2 Background

UNIQUE TFET CHARACTERISTICS

Apart from the characteristics and metrics discussed above, TFETs exhibit
some other inherent behavior and they use specific metrics which will be
discussed in this section.

Fig 2.5 (a) shows the S plotted against Ipg giving an overview of the current
range over which the device operates as a steep switching transistor with sub-
60mV/dec. In this regard the figure of merits Igg 10w and Isonigh are defined
as the lowest and highest Ipg, respectively when the device transitions from
sub-60 to super-60 behavior [22]. This metric is useful not only for comparing
different TFETs but also in comparing the subthreshold operation of TFETs
with MOSFETs to assess their competitiveness.

The output characteristics of the TFET exhibit a superlinear onset in com-
parison to the MOSFET resulting in a higher Ron as seen in Fig 2.4. As stated
earlier, this is related to the high tunnel resistance that depends on factors
such as source degeneracy and occupancy probability of the available energy
window for tunneling in addition to the tunneling probability [23].

The characteristics and metrics discussed so far are observed when the
device is reverse biased. The forward bias behavior of a tunnel device can
be measured using a common drain configuration sweeping Vgp to control
the source valance band edge w.r.t. the channel conduction band edge. Under
such a configuration, a negative differential resistance (NDR) is observed as
shown in Fig 2.5 (b) where an increase in voltage results in a decrease in
the current. Fig 2.5 (c) to (f) illustrate the conduction corresponding to the
points in Fig 2.5 (b). With increasing Vsp, tunneling commences in the reverse
direction from the conduction band of the channel into the valence band of
the source reaching its peak when all the empty states in the source align with
all the filled states in the channel. Further increase in Vsp shuts the tunneling
path and any conduction observed at the valley e in Fig 2.5 (b) is due to carrier
transport through the defect states located at the heterojunction and is often
called the excess current. At even higher Vsp, the potential barrier gets lower
facilitating thermionic emission resulting in increased Isp as observed at £.

STATE-OF-THE-ART

The research developments in the field of III-V MOSFET and TFET have
been briefed in this section focusing on n-type TFET and p-type MOSFET
with an aim to provide a fundamental background to the devices studied
during this work. Several reports of simulation studies to understand the
device behavior and engineer devices to improve performance have been
undertaken by the research community. They can be a great resource for
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an experimentalist. However, only experimental reports will be reviewed in
this section considering the scope of this work.

TFET

The Esaki diode, which forms the basis for TFETs have been studied exten-
sively since its first demonstration in 1958 and the unique NDR characteristics
as discussed in section 2.2.2 has found applications in oscillators. Only after
2004 when Appenzeller et al., demonstrated the sub-thermal switching of dual
gated carbon nanotube FET by tunneling, the potential use of TFET for beyond
CMOS began being extensively explored [24]. Si TFET was the first choice
for research due to its compatibility with the current fabrication process and
the established high-quality interface to high-k gate oxides. But the large
and indirect bandgap of Si reduced the tunneling efficiency resulting in poor
performance [25]. Strained Si and SiGe have been explored to achieve small
bandgap and direct tunneling. Knoll et al., demonstrated strained Si NW n-
and p-TFET with Ion > 10 pA/um at | Vpgl =05V, | Vsl =1.6 Vand Syin
= 30 mV/dec and 90 mV/dec, respectively reporting the first demonstration
of an inverter with complementary Si TFET [26].

Knoch et al., provided the first insights into improving the performance
by using a type-II near-broken band lineup [17]. III-V semiconductors with
a wealth of high carrier mobility materials allowing band engineering was
found to be an appealing candidate for TFETs. Initial implementations of
II-V TFETs were on III-V substrates since the large lattice mismatch to Si
substrate would lead to high defect density. Seabaugh et al., studied planar
InAs/AlGaSb, InAs/InP and InAs/GaSb airbridge TFETs with gate both
in-line and normal to the tunneling direction [27,28]. Contact and access
resistances were seen to limit the performance and was circumvented using
forming gas anneal (FGA) and SiN, passivation. Datta et al.,, explored
InGaAs TFET as homojunctions, highly doped pocket at the junction and
InGaAs/GaAsSb heterojunction and found that tuning the Sb:As ratio of
the source helps vary the band offset and hence the tunnel barrier width
[29,30]. Pulsed I-V measurements that mitigate the effects of interface traps
on the transistor characteristics and the first report of RF characterization
of TFET was demonstrated [31]. Takagi et al.,, investigated the dopant
implantation and diffusion in InGaAs to achieve abrupt doping profile at the
tunnel junction [32,33]. Further optimization of the In content and strain
engineering resulted in TFET with S = 62 mV/dec. Zhao et al., improved
the dry etching process for a top-down fabricated NW and demonstrated the
first fully vertical III-V TFET with S = 79 mV/dec. Improving the spacer
technology helped reduce the S further down to 53 mV/dec [34]. Alian et al,,
reported InGaAs/GaAsSb vertical NW TFET with S = 47 mV/dec and Ipn =
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0.7 pA/um [35]. Development of EOT scaling process and analysis of defects
helped in the realization of the steep switching devices. Moselund et al.,
were among the first few to integrate III-V TFETs on Si substrate by utilizing
template-assisted selective area growth of NW [36]. InAs/Si p-TFET achieving
S =70 mV/dec and Ipny = 4 pA/pum at Vpg = -0.5 V had been presented.
Complementary TFET and hybrid MOSFET-TFET integration on Si platform
have also been explored. Tomioka et al., has developed core-shell vertical
nanowire TFETs on Si substrate with strain engineering and modulation
doping to enhance the performance [37]. Core-Shell vertical InAs/GaSb TFET
with GaAs barrier has been reported by TSMC to achieve line tunneling
improving the Ion to 40pA/NW and S = 40 mV/dec at Vpg = 0.3 V [38].
The different generations of VLS grown vertical InAs/InGaAsSb/GaSb NW
TFETs on Si, developed prior to this thesis work within the group, focused on
understanding the scope of the studied heterojunction. Junction engineering
to achieve balanced on- and off-state performance led to previous works of
TFET with S = 48 mV/dec and Ipn = 10 pA/pum for Iopr = 1 nA/um at Vpg
=03 V [39]. For a TFET to be competitive with MOSFET, the Igghign and
Ion must ideally be 1-10 yA/pum and 10-100 #A/um while meeting the Iopr
requirements for the specific applications as described in section 2.2.1 [22].
This means 6 orders of magnitude change in current under a reduced Vpp =
0.3 V requiring an average S<50 mV/dec.

PMOS

The challenges in the downscaling of Si CMOS have led to the exploration of
alternate channel materials. I1I-V antimonides (Sb) and Germanium (Ge) had
been the promising contenders due to their high hole mobility [40]. However,
the reported devices reveal poor performances due to their limitations with
respect to interface quality and leakage currents [41]. Surface passivation and
interfacial Si layer has helped improve the high-k/Ge interface [42]. The small
bandgap of Ge results in increased BTBT-induced leakage currents degrading
the off-state which has been overcome by taking advantage of the band
broadening induced by quantum confinement. GAA Ge nanowire PMOS with
channel diameter down to 9 nm and Lg = 40 nm has been realized delivering
Ion = 500 pA/pum at Iopr = 100 nA/um and Vpg = -0.5 V with Iy 1
nA/um [43]. Integration of Ge PMOS on Si NMOS has been demonstrated
using wafer bonding with PMOS devices achieving Ion = 630 pA/um at
similar off-state conditions [44].

Though III-V based PMOS are an obvious complement to the high per-
forming III-V NMOS, research efforts focusing on Sb-based PMOS has lagged
due to several limitations. The lattice mismatch is too high to directly grow
antimonides on Si (GaSb - 12%) resulting in poor crystal quality at the
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interface. This led to initial demonstrations of III-V PMOS on III-V substrates
resulting in 10x lower power dissipation or 2x higher speed than strained Si
PMOS [45]. GaSb, InSb, InGaSb have been the channel materials explored
for PMOS implementation. InSb suffer from high leakage currents due to
its low bandgap even though it can offer high performance. InGaSb offers
enhanced mobility and reduced interface defects and are hence the most
studied [46]. First attempts to integrate I1I-V PMOS with Si had been through
layer transfer and wafer bonding [47,48]. This technique however required
an InAs interfacial or capping layer to protect the highly sensitive Sb layer
and improve the interface to gate-oxide and metal contacts. However, the
InAs layer also led to reduced gate coupling degrading the performance.
[I-V p-type FinFETs have suffered from rough fin edges due to reactive ion
etching (RIE) employed for the dry etching in a top-down approach leading
to degraded performance. W. Lu et al.,, studied wet chemical etching of
Sb-based materials through digital etching process as discussed in section
3.2.1. Digital etching preserves the surface of the channel material without
inducing roughness as in RIE. Different etchants and oxidation environments
have been explored resulting in fin width of 10 nm and devices with Lg = 20
nm [49]. VLS grown vertical nanowire III-V PMOS, which had been developed
within the research group previous to this thesis work, provide reduction in
the device footprint and allow integration on Si platform by using an InAs
buffer layer [50]. However, the InAs/GaSb heterojunction in the reported
devices contribute to poor on-state which is circumvented in the subsequent
developments using a W socket allowing contact to the GaSb segment of the
nanowire directly. Improvements in the digital etching scheme and studies on
post-process annealing have resulted in achieving Ion = 20 pA/um at Iopp =
100 nA/pm and Vpg = -0.5 V with vertical NW devices [51]. In addition to
the device material studies, the effect of metal alloying with Sb to improve the
contacts had been investigated. Co-integration of III-V vertical NW NMOS
and PMOS on Si have been demonstrated with balanced drive currents Ign =
156 pA/um and 98 pA/um, respectively at Ion = 100 nA/um [52].
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HE number of features that an electronic ICT device can offer is limited
4 by the capabilities of the physical hardware available. Optimization
of the device through meticulous material and fabrication process
engineering is crucial in achieving the required performance. When working
at the nanometer regime, due to the large surface-to-volume ratio, surface
effects such as roughness, dangling bonds and interface quality come into
play which cannot be ignored as in their bulk counterparts. In addition, the
developed novel devices and processes are required to be industry compatible
with reduced complexity to have a competitive edge demanding cautious
planning of the fabrication process flow. In this regard, critical steps involved
in the fabrication of vertical nanowire transistors and their corresponding
impact on the device performance are elaborated in this chapter. The details
of the entire process flows can be found in the Appendices.

3.1 VERTICAL NANOWIRE GROWTH

Vertical nanowires can be produced using either a top-down or a bottom-up
approach. The top-down method is limited by the stringent requirements
on the lithographic techniques to achieve nanoscale devices. The planar
epitaxial growth from which the nanowires are carved out in this type of
method is challenging for the growth of lattice-mismatched heterostructures
as they result in high defect density at the heterointerface. The bottom-up
approach overcomes this problem by using a thin seed particle to relax the
lattice-mismatch strain and terminate the threading dislocations at the surface
a very short distance from the heterojunction through radial expansion or
contraction [53]. Such a reduction in the defect density allows the growth of
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several heterojunctions within a single nanowire and eases the integration of
III-V materials on highly mismatched substrates such as Si.

Nanowires that were epitaxially grown using Metal-Organic-Vapor-Phase-
Epitaxy (MOVPE) on Si substrates with an n+InAs buffer layer was used
for the devices discussed in this thesis work. Free-standing nanowires were
grown out from Au seed particles that act as nucleation centers. The volume of
the Au dot decides the length and diameter of the grown nanowire; therefore
the dots need to be carefully patterned using Electron Beam Lithography
(EBL) followed by lift-off.

InAs/InGaAsSb/GaSb nanowires are used for both TFETs and PMOS
devices in this work as seen in Fig 3.1. TMIn, TMGa, AsH3 and TMSb
were the precursors used as source materials for the growth. The gradual
transition from InAs to GaSb through a short quarternary segment prevents a
near-broken band alignment. The suggested heterostructure with arsenic rich
channel also provides better gate-oxide interface than an all-Sb as discussed
in Paper V making it a potential candidate for III-V PMOS [54]. The growth

a) Au

GaSb (p++)

InGaAsSb (p++)
InAs (n-)

Figure 3.1: (a) Schematic and (b) False-colored SEM image of an as-grown
nanowire for a TFET before device fabrication. The doped InAs segment
acts as the drain while the non-intentionally doped n- InAs is the channel.
The p-doped segments act as the source. The same InAs/InGaAsSb/GaSb
heterojunction was used throughout the thesis with variations in the compo-
sition, doping concentration and nanowire dimensions. For the PMOS, the
contact terminals are reversed, and the doping profile is altered for the same
architecture as mentioned in Paper V.
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temperature, precursor flow rate and V/IIl ratio are the critical parameters in
deciding the growth rate, dimensions, and the composition of the nanowire
[55]. The InAs and InGaAsSb/GaSb segments of the nanowire are doped
with TESn for n-type doping and DEZn for p-type doping, respectively to
make it useful for transistor operation. The particle assisted nanowire growth
technique suffers from the reservoir effect, where the Au particle acts as a
reservoir of precursors and dopants even after they are removed from the
reactor chamber [56]. This memory effect makes the growth of an abrupt
heterojunction challenging thereby hindering the realization of a thin tunnel
barrier favorable for TFET devices.

IMPROVING ELECTROSTATICS

Short-Channel transistors suffer from large leakage currents in the off-state
due to reduced gate control. This is often observed as increased DIBL
(Drain-Induced-Barrier-Lowering) in the transfer characteristics as described
in section 2.2 which signifies that not only the gate bias but also the drain
bias exhibit control over the conduction barrier in the channel. Poor gate
control also results in poor S which could further worsen the off-state as
described in 1.4. To improve the switching behavior of a FET device, a
thin channel body that can be solely controlled by the gate through a well-
designed gate stack is required. Smaller Au dot sizes and hence smaller
as grown nanowires have however shown to suffer from dopant segregation
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Figure 3.2: Diameter dependence of the device performance considering (a)
gm and (b) peak current density (Jp). A significant degradation is observed
with decreasing diameter due to doping and source depletion effects.
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close to the surface, reduced dopant incorporation and/or inflated dopant
ionization energies [57,58]. Such a low and location specific concentration
of dopants would further get diminished while etching the native surface
oxide to establish a good interface to the high-k gate oxide degrading the
device performance as observed in Fig 3.2. Therefore, different diameters
of the nanowires were grown in this work in the range of 35-40 nm which
were then further thinned down to 17-27 nm, as discussed in the following
section, to obtain good electrostatics. Further approaches for improving the
gate electrostatics are surface treatment to have good interface to the gate
oxide, choice of the gate oxide material and finally the gate metal used. Fig
3.3 illustrates the process flow involved in fabricating the gate stack for all
devices in this thesis.

DIGITAL ETCHING

A special kind of wet chemical etching technique called digital etching is used
to thin down the channel material. Digital etching is a two-step process that
consists of oxidation and oxide removal in separate steps. This concept is
extensively used in etching of III-V vertical nanowires. This self-limiting
technique has precise etch control with nanometer-scale resolution making
it a suitable solution for device scaling. The surface of the nanowires were
oxidized in O3 atmosphere for a duration of 5 min before the wet chemical
etching. Acids that have high selectivity between InAs and GaSb are required
to etch the channel material selectively without affecting the source(drain) in

IR AN ii

Figure 3.3: Fabrication process flow towards gate stack formation. (a) and
(b) illustrate the digital etching process where the nanowire is (a) oxidized in
an ozone or oxygen environment followed by (b) wet etching to thin down
the channel. Gate stack is deposited with (c) an ALD self-cleaning, (d) High-
k gate oxide ALD and (e) Sputtering and contact pad definition of the gate
metal.
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an nTFET (PMOS). Citric acid and HCI have been proven to selectively etch
InAs and GaSb, respectively and were hence employed in this thesis. Fig 3.4
(a) and (b) show the microscopy image of a nanowire before and after digital
etch of the InAs bottom segment with citric acid. Note that after 3 cycles
of etching, the diameter of the InAs reduced by 10 nm, while the top GaSb
segment remains unaltered.

Depending on the composition of the quarternary InGaAsSb segment, it
etches differently using citric acid as compared to HCL. An example of etching
of the InGaAsSb segment at a higher rate than the InAs segment resulting in
a very thin connecting point between the top and the bottom segment can be
seen in Fig 3.4 (c). A systematic calibration of the etch rates for each growth
scheme is crucial in improving the process yield. In addition, oxidation using
O3 has shown to form insoluble non-uniform Sb-oxides such as Sb,Os that
cannot be easily removed [49]. A SEM (Scanning Electron Microscopy) image
of such a nanowire during digital etch process is shown in Fig 3.4 (d). Such an
oxidized surface can be detrimental for forming a good contact to a TFET and
for the gate stack for a PMOS with an InGaAsSb channel. Hence, oxidation in
O, atmosphere for 8 min instead of O3, which has been shown to circumvent
this issue, was adopted [49]. Core-shell nanowires processed during this
thesis work used HCLIPA to etch the GaAsSb shell with an etch rate of 2
nm/cycle and citric acid to thin down the InAs (InGaAsSb) channel for TFET
(PMOS) with an etch rate of 1.5 nm/cycle. The shell was partially removed
from the channel region while remaining intact on the source (drain). For a
selective area etching scheme as employed for the core-shell structures, the

Figure 3.4: Scanning Electron Microscopy (SEM) images of nanowires dur-
ing digital etch process. (a) As-grown nanowire before subjecting to any
processing. (b) Digital etching of the bottom InAs segment after 3 cycles
resulting in a 9 nm reduction in the diameter. The effect of digital etching on
the quarternary InGaAsSb segment is seen in (c) where the etch rate of the
quarternary segment is higher leading to possible breaking and (d) where the
segment is oxidized to insoluble oxides.
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rate of under-etch beneath the top metal needs to be calibrated based on the
shell composition to position the shell precisely. In addition, blow drying
the nanowire to remove the liquid after etching may result in breaking of the
nanowires depending on their aspect ratio and the surface tension. This can
be resolved by rinsing in IPA instead of water or by using zero surface tension
drying techniques such as critical point drying. Also, to etch Sb oxides, HCl
dissolved in water has shown to result in significant surface roughness and
hence HCLIPA is a suitable solution [49].

GATE STACK FORMATION

Transistors made from III-V materials usually have high-k materials as gate
oxide as their native oxides forms a poor interface resulting in high interface
trap density [59]. In this regard, several high-k layers have been tested on
II-V materials including Al,O3, HfO; and ZrO; [60]. In this thesis, an
Atomic Layer Deposited (ALD) bilayer high-k consisting of Al,O3 followed
by HfO, has been adopted as illustrated in the schematic in Fig 3.5 (a). Before
deposition, 5 cycles of trimethylaluminum (TMA) precursor were pulsed to
utilize the in situ self-cleaning effect that reduces the interfacial III-V native
oxides [61,62]. A high-k material with large dielectric constant gives a good
capacitive coupling to the gate electrode and therefore HfO, was used. An
interfacial Al,Os is used as a barrier due to its proven good interface to III-
V materials and its large bandgap making highly scaled Equivalent Oxide
Thickness (EOT) possible. Fig 3.5 shows the transfer curves along with the
gate current (Igs) for two devices with different EOT developed during this
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Figure 3.5: (a) Bilayer gate oxide stack shown as a zoom-in from the nanowire
device fabrication process. The effect of EOT scaling on the device character-
istics considering the Iopr and Igg are evaluated from TFET devices with (b)
EOT 14 nm and (c) EOT 1 nm. A significant reduction in Igg and Iogr is
observed resulting in improved S from 46 mV/dec to 41 mV/dec.
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thesis. The values of Igg are close to the noise floor of the measurement
equipment in both cases suggesting that there is still room for gate oxide
scaling. Improved gate control by scaling the EOT also leads to reduced DIBL
as observed from the transfer curves. The improvement in S of the TFET
devices from 46 mV/dec to 41 mV/dec due to high-k scaling together with
drain underlap can be seen from the plot and from Paper L

Finally in the gate stack fabrication process is the deposition of gate metal
by sputtering W. The placement of the metal edge is crucial especially for
a TFET device in which case the ideal gate position would be at the tunnel
junction as shown in Fig 3.6 (a). The grading of the junction in most cases
resulted in an increase or decrease in the thickness of the nanowire as seen in
Fig 3.6 (b) which assisted in the gate alignment. A resist etch back process was
used for gate length definition for all samples fabricated in this thesis. After W
sputtering, a thick S1800 was spin coated followed by RIE to define the length
followed by W dry etching with SF¢:Ar. The defined resist thickness further
gets reduced by 30-50 nm during the W etch resulting in a gate placement
below the tunnel junction. This can result in a non-gated intrinsic channel
(Fig 3.6 (c)) acting as a potential barrier and the TFET losing its purpose and
acting as a MOSFET instead. Hence to be safe, the gate was usually defined
above the tunnel junction (Fig 3.6 (d)) even though such a placement could
lead to source depletion.

Figure 3.6: (a) Schematic of a TFET device illustrating the ideal position of
gate metal edge (b) SEM images of two nanowires highlighted with a locally
altered thickness at the junction. Schematic of a TFET device with gate (c)
underlapping the channel and (d) overlapping the source.
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3.3 IMPROVING OFF-STATE LEAKAGE - SPACER ENGINEERING

The static leakage currents in the off-state of a TFET device can be attributed
mainly to the ambipolar conduction at the drain-channel tunnel junction as

a)

100 nm

—

Figure 3.7: Schematic illustration of the fabrication process flow of various
spacer technologies employed in this thesis work. (a) Evaporated SiOy leaving
behind flakes on the nanowire sidewalls which is removed with HF followed
by extra ALD deposition. (b) Spin coated resist etched back to desired
thickness using O, plasma. (c) ALD deposited Al,O3; defined using resist
etch back and HF etching.
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described in Fig 2.2 (b) in section 2.1. This can be suppressed by reducing
the gate control of the channel-drain heterojunction using bottom spacer
engineering as in Paper I and III. Furthermore, the gate oxide alone cannot
provide enough isolation between the metal contacts due to the large contact
pad area and hence incorporating a low-k spacer material is required to avoid
a short. A few different spacer materials as illustrated in the schematics in Fig
3.7 were studied in this thesis to understand and improve the device behavior.

A thermally evaporated SiOy spacer provides good isolation properties
with its low-k value and is also easy to fabricate. The thickness of the material
is controlled during deposition and does not require post-evaporation length
definition. However, the 15 nm thick SiOy evaporated resulted in deposition of
flakes on the sidewall of the nanowire which required wet chemical etching to
be removed. Such an etch usually affected the underlying HfO, of the bilayer
AlL,O3/HfO, gate oxide resulting in uncertainties in high-k layer thickness
and EOT and hence an extra 2nm HfO, ALD always had to be deposited as a
compensation.

To overcome this, an organic spacer of S1800 that is spin coated and
permanently baked was adopted. The thickness of the organic spacer was
defined using O, plasma RIE as described in Fig 3.7 (b) using the etch back
process to create a gate drain underlap of 25 nm as presented in Paper
I helping suppress ambipolarity. However, the resist etches faster at the
edges of the sample resulting in non-uniform thickness over the sample. To
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Figure 3.8: (a) Transfer characteristics of a TFET device with suppressed
ambipolarity using an Al,Oj3 field plate. (b) gm Vs Ion of 15 devices from the
same sample at Iopp of 1 nA/um and 100 pA/um showing the capabilities of
the devices for low-power logic.
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improve the device yield, sacrificial S1800 coated pieces had to be used to
circumvent this effect. Despite their benefits, organic spacers suffer from
moisture accumulation resulting in charge trapping. This deteriorates the
device performance over time and requires frequent annealing to achieve
reproducable results. In addition, the hard baking temperature of the resist
limits the temperature of further processes in the device fabrication.

A more stable alternative is an Al,O3 spacer that is thick enough to reduce
the capacitive coupling between the contact pads. An ALD deposited spacer
of 10 nm thickness was utilized in this thesis work (Paper II and III) to serve
a dual purpose both as a spacer and as a field plate at the drain side bottom
segment as shown in Fig 3.7 (c). A field plate is a device structure used com-
monly in high-power FETs to engineer the electric field [68,69]. By increasing
the thickness of the dielectric close to the drain-end, the gate coupling reduces
drastically around the field plate suppressing the ambipolar conduction at the
drain-side junction and resulting in reduced off-state as shown in Fig 3.8. The
achievable minimum current reaches 100 pA/um extending the capabilities
of the discussed devices for low-power logic applications (Paper V). The
developed AL,O3 spacer was also used for the PMOS devices to improve
the DIBL (Paper V). The suppressed off-state in the PMOS can be seen from
Fig 3.9 where the demonstrated devices exhibit the lowest Iyyny among the
benchmarked devices despite their short gate length (Lg) of 60 nm.
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Figure 3.9: (a) Benchmarking of Iy of the PMOS developed during this
thesis with state-of-the-art III-V PMOS. The red star corresponds to this work,
green triangles are other vertical nanowire devices [50-52, 63-65], yellow
circles are FinFETs [49,66] and brown squares are wafer bonded devices [67].
(b) Evaluation of the gate control of the PMOS using 8 devices showing
negligible DIBL and sub-100 mV/dec switching.
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3.4 DEVICE RESISTANCE

Transistor performance is limited by extrinsic parasitic resistances due to het-
erojunction band non-optimal alignment, poor interface to the metal contact
pads, large non-contacted segment, and insufficient doping. The various
resistances inherent to the electrical performance of a vertical nanowire FET
are depicted in Fig 3.10. Among the types of FETs studied in this thesis, the
large Ron observed for TFET can be attributed to the resistance at the tunnel
junction as the devices exhibit a transmission probability of 0.02 (Paper VI).
This suggests that an optimum band alignment is crucial to extracting the full
potential of the chosen material for TFET operation. On the other hand, the
observed low currents of the PMOS in Fig 3.9 (a) could be due to the large
contact and access resistance due to non-optimum dopant concentrations
and non-ohmic metal contacts [70]. Improving the on-state performance
by reducing the device resistance without increasing the off-state leakage
is necessary and so a conscious device design that finds the best trade-off
is important. An effort towards finding the optimum is discussed in the
following subsections.

a) b)

Resist
spacer

Trilayer W gate
high-k

I
100 nm

Figure 3.10: (a) [llustration of the resistances associated with a nanowire FET
device including the parasitic and intrinsic components. (b) Cross-sectional
SEM image of a TFET for comparison to (a)
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HETEROJUNCTION ENGINEERING

Variations of the composition of the source segment help vary the band line-
up at the tunnel junction [71,72]. In this thesis, a systematic experimental
analysis was conducted as stated in Table 3.1 to get insight into the influ-
ence of the critical nanowire growth parameters such as As composition, In
pulsing and temperature on the band alignment and electrical characteristics
of InAs/InGaAsSb/GaSb TFETs. Such a study helped fine-tune the tunnel
barrier based on the application requirements to obtain specific S, gm, IoN,
and gm/ Ips as discussed in Paper 1L

Table 3.1: Sample list used in the evaluation of the nanowire
growth parameters of a TFET. As composition, In pulsing
and growth temperature correspond to the InGaAsSb source
segment.

Sample As composition Temperature In pulsing

A 0.64 460 5

0.70 430 5
C 0.80 460 5
D 0.92 460 5
E 0.70 439 5
F 0.70 448 5
G 0.70 430 3
H 0.70 430 4
I 0.70 430 5
] 0.70 430 6
K 0.70 430 7

The compositional variation induces lattice mismatch that can result in
strained source segment significantly affecting the device performance. The
difference in Ion for different growth temperatures was negligible. However,
the devices grown at 430°C could demonstrate a slight steeper switching. Fig
3.11 shows the band edge alignment at the tunnel junction for samples A-D
with varied As composition. A band alignment that provides a narrow tunnel
barrier enhancing the transmission probability and increasing the gn would in
turn act as a leakage path in the off-state due to the same thin barrier. Hence
tuning the band lineup that balances the tradeoff between the on- and off-
state is important. As described in Paper II, the As composition of 0.7 and In
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pulsing of 5s provided the best balance between S and g, and hence Sample
B was found to be a good baseline growth for digital logic applications. For
applications requiring higher current levels, Sample D with a little higher but
still sub-60 mV/dec S could act as a baseline.

CONTACT ENGINEERING

Antimonide based transistors suffer from poor ohmic contacts due to inef-
ficient removal of native oxide and high sensitivity/reactivity to most wet
chemicals [49]. GaSb and InGaAsSb segments are present in this work in both
the TFET and PMOS as source and drain segments, respectively. In addition,
the TFETs could suffer from high drain resistance due to thinning of the InAs
drain along with the channel during digital etching. Since increasing the drain
doping to bypass this issue could increase ambipolar conduction, efforts were
focused on maintaining the as-grown diameter of the InAs drain segment.

A W socket developed at the bottom of the bare nanowire is seen in Fig
3.12 using a similar technique as for the Al,O3 bottom spacer described in
Fig 3.7 (c). Such a process involves RIE and O, plasma cleaning afterwards to
remove the byproducts from etching that lead to rough and highly oxidized
nanowire sidewalls resulting in uneven etching of the channel during digital
etching. The problems faced could also be due to the W socket contributing
to metal assisted chemical etch. Due to these issues, the socket process was
abandoned. An alternative to W can be an ALD deposited Al,O3 socket that
does not require any plasma etching. In either case, defining the socket exactly
to the doped half of the InAs segment is challenging as there is no physical
differentiation observed between the doped and undoped segments of the
nanowire.

To reduce the top drain access resistance in PMOS, a core-shell structure
with highly doped shell was adopted along with gate last fabrication process
[73]. The metal cap also acts as a protective layer for the highly reactive Sb-
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Figure 3.11: Band edge simulations using bulk parameters for sample (a) A,
(b) B, (c) C and (d) D at Vpg= 0.2 V. Note the thin tunnel barrier for the highest
As composition sample D.
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segments. The schematic and SEM images of a nanowire with W top contact
is shown in Fig 3.12. The process flow for top metal definition is similar to
the process detailed for core-shell vertical transistors in the next section.

HYBRID DEVICE DESIGN

As described in section 3.1, different Au dot diameters were patterned
throughout the sample die providing nanowires of various lengths and di-
ameters. Utilizing a core-shell nanowire configuration and tapping into these
dimensional variations, hybrid multi-platform sample dies were developed as
proof of concept during this thesis. These consisted of single nanowire devices
that function as only PMOS or both as PMOS and n-type TFET or as only n-
type TFET as shown in Fig 3.13 depending on the position of the shell edge.
A shell edge far from the InAs/InGaAsSb junction resulted in gating of a long
segment of the intrinsic InGaAsSb segment providing PMOS operation (Fig
3.13 (b)). A shell edge defined close to the tunnel junction but overlapping the
InGaAsSb segment gave gating of a short segment of the intrinsic InGaAsSb
resulting in PMOS+nTFET operation depending on bias. A shell defined very
close to the tunnel junction provided nTFET only operation.

Reconfigurable FET (R-FET), which configures a single device based on the
bias polarity for both n-type and p-type operation, is an emerging field of

Figure 3.12: (a) Schematic of W socket at the drain segment to protect diameter
thinning during digital etching of the channel. (b) SEM image of a digitally
etched nanowire post W socket. (c) Schematic and (d) SEM image of the top
W metal acting as a contact for source (TFET) or drain (PMOS) to reduce the
access resistance.
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research to combat the problems associated with power efficiency, device foot-
print and hardware security [74,75]. Several R-FETs have been demonstrated
based on both top-down and bottom-up nanowires with planar devices and
dual gated Schottky junctions [76,77]. To scale down the device footprint
further at reduced device complexity, vertical single nanowire and single gate
R-FET is demonstrated in this thesis. The process flow starting from the as-
grown nanowires leading up to the placement of the shell is described in
detail in Fig 3.14 along with SEM images that provide snippets of the real
device. A more detailed account of the same can be found in Appendix B.
As grown core-shell nanowires were covered with a sacrificial Al,Os3 of 10
nm thickness deposited by ALD at 120°C. This layer protects the nanowire
surface from plasma in the subsequent processes. The position of the shell
edge was defined using an 51800 resist etch back process. When the thickness
of the resist was defined, the sacrificial layer was removed with HF and a
W top metal was sputtered. The resist used in this process limited any high
temperature metal depositions and hence ALD TiN preferred as a protective
layer on top of W could not be deposited. The W was removed from the planar
surface by anisotropic etching in Inductively Coupled Plasma-RIE (ICP-RIE)
using SFg:Nj. Subsequently, the resist and the sacrificial AlO3; were removed
from below the shell edge.

a) l b)ﬂ ©) ﬂ d) ‘il
Figure 3.13: (a) As-grown core-shell nanowire. The length of the segments
vary based on the Au dot diameter. (b), (c) and (d) illustrate the length
variation of the different nanowire segments with respect to the Au dot size
facilitating gate placements at (b) the intrinsic InGaAsSb segment far from the

junction, (c) the intrinsic InGaAsSb segment close to the junction and (d) the
tunnel junction.
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3.6 CRITICAL STEPS - VERTICAL DEVICE PROCESS

The vertical nanowire transistor fabrication process has several critical process
steps especially due to the small scale at which the devices are produced. A
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Figure 3.14: (a) Fabrication process flow for a core-shell nanowire TFET. (i)
AlyOs sacrificial layer (ii) Resist spin coating (iii) RIE resist etch back (iv)
AlyO3 etching and W sputtering (v) Anisotropic W etch (vi) Resist removal
(vii) Sacrifical layer removal. SEM images with the top metal enclosed shell
defined at (b) the intrinsic InGaAsSb segement and (c) close to the tunnel
junction.
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summary of the most important factors to pay attention to during device
processing recognized from experience are listed below.

Digital etching — The aspect ratio (Length:Diameter) of the nanowire
is crucial for the minimum achievable diameter without breaking the
nanowires. A safe aspect ratio for the particular nanowire structure used
in this thesis work would be 30:1. Wires with segments of different
diameters as seen with the thinner InAs and thicker GaSb regions as used
in this thesis need additional care as described in section 3.2.1.

Bottom spacer — The under-etching of Al,O3 during HF etching needs to
be calibrated. Etching Al,Os; with a thin resist to obtain a short Al,O3
field plate could lead to a potential short between the contact pads due to
under- etching.

Gate definition — A sputtered W metal of poor surface quality or with
strain can result in delamination or cracking of the W film. The byprod-
ucts from the dry etching of such a film tend to be hard to remove.

Top spacer — The top spacer definition is followed by the gate oxide
removal from the top of the nanowire using HF 1:400. During this process,
an under etching of the high-k layer further below the resist layer of about
50-100 nm is expected. Hence the top spacer must be defined as high
as possible to the top of the nanowire to allow room for the under-etch.
This is a highly critical step in the whole device process that could lead to
potential short of contact pads.

Metallization — Ni/Au of 10/150 nm is used as contact pads for gate,
source and drain segments. After metal sputtering, UV lithography is
used to define the pads followed by lift-off. If the lift-off is delayed after
the deposition, there is possibility of Ni alloying with the semiconductor
resulting in an unetched metal alloy layer.
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4.1

Electrical Characterization

N this chapter, the electrical performance of the three different types of
devices n-TFET, p-MOSFET and R-FET developed during this thesis
% work will be discussed. InAs/InGaAsSb/GaSb vertical nanowires
form the baseline for all the technology platforms. Through the process
developments mentioned in the previous chapter, several improvements in
device performance have been achieved such as the steepest TFETs with
high Ion, steep switching PMOS, and multi-use single nanowire devices. In
addition to the standard device characterization used to extract the digital
and analog metrics, other kinds of device characterizations helpful in gaining
physical insights of the device operation are discussed in this chapter. Such a
fundamental understanding is crucial to exploit the resources efficiently and
upgrade the devices.

DEFECTS

As mentioned briefly in section 2.1, the performance of FETs is degraded
greatly by the defects/traps located at the oxide interface, heterojunction
interface and border traps within the bulk of the oxide due to the large
surface to volume ratio of the materials used [19]. Traps can act as leakage
paths degrading mostly the off- state of the device. There are techniques to
mask the effect of the traps during measurement to provide a hint of the
intrinsic capabilities of the FET. For example, pulsed measurements where
voltage pulses with short pulse widths can be used for biasing the transistors
thereby suppressing the traps with longer capture times [31].
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4.1.1 OXIDE BORDER TRAPS

Among the different leakage mechanisms through the gate oxide, carriers
escaping due to tunneling can be suppressed by increasing the thickness of
the gate oxide layer. On the other hand, trap-assisted tunneling mechanisms
are harder to control as they depend on material quality. The high-k oxide
quality can be assessed by evaluating the border trap density (Np;). One
of the techniques used for Ny, extraction is the low frequency noise (LFN)
measurement as shown in Fig 4.1 for a core-shell PMOS device developed
during this thesis. Traps in the oxide can charge and discharge continuously
exchanging carriers to the channel causing fluctuations in the surface potential
and the flat-band voltage (V) seen as noise in Ipg. This noise due to variation
in the number of carriers is called the number fluctuations and the resulting
fluctuations in the mobility due to changes in scattering due to number
fluctuations is called correlated mobility fluctuations. A detailed description
of the low frequency noise can be found in [78] for further reading.

The measured noise spectral density in Fig 4.1 (a) is independent of gate
bias at all measured frequencies suggesting a large series resistance. By
multiplying the noise power spectral density (Sy,) with the factor Ves?/ Ins?,
the resistance noise spectral density (Sr) was obtained as seen in Fig 4.1 (b)
from which the noise that is independent of V55 due to series resistance was
subtracted to get the intrinsic device noise. Such an analysis could provide
insight into the existence of bad contacts as well as the intrinsic transport
mechanism. 2D TMD materials that are known to suffer from poor ohmic
contacts have used the above technique extensively to analyze their device
characteristics [79]. The McWhorter model describing the number fluctuations
fits well with the measured noise providing a minimum Ny, 10cm 3¢V 1
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Figure 4.1: (a) Noise current power spectral density (Sy,) as a function of
frequency for varying Vis. Inset shows the measurements at 15 K. (b)
Normalized current noise as a function of the overdrive voltage. Inset shows
the noise resistance power spectral density (Sg) for the channel (Sg.,) and the
series resistance (Sgg). (c) Border trap density at 300 K and 15 K.
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at 300 K and 15 K as shown in Fig 4.1 (c). The N, reaches its minimum at a
similar overdrive voltage (Vs- V) for n- and p-type TFETs and MOSFETs that
use the same gate oxide. This conclusion is based on comparison to devices
developed within the research group during previous works published in [80]
suggesting a uniform trap distribution within the high-k.

BAND TAILS

The traps associated with the nanowire arise from irregularities in the crystal
structure during growth. The material disorder, impurities, strain etc., can
result in a density of states (DOS) tail that decays exponentially into the
bandgap resulting in the blurring of the band edges as illustrated in the
schematic in Fig 4.2. These extended DOS could act as leakage paths in the
off-state as described in section 2.1 worsening the slope.

A high doped source with a near broken heterostructure is crucial for
narrow tunnel junction in a TFET. However, a very high doping can result
in band tails [81,82] that bring the exponential tail of the Fermi distribution
into the tunneling path thereby degrading the off- state as shown in Fig 4.2
(b). On the other hand, a too low doping can result in the depletion of carriers
in the source segment that is overlapped by the gate metal resulting in two
slope regions in the transfer characteristics [83]. The right balance between
doping and precise gate placement at the heterojunction is challenging to
achieve. Efforts to mitigate the dopant-induced band tails has been attempted
previously in [84] by introducing the doping of the source segment 20 nm
away from the tunnel junction. This approach, though resulted in an order of
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Figure 4.2: (a) Band diagram of a TFET in the on- state illustrating the effect
of band tail density of states (DOS). The black dotted lines correspond the the
DOS of the valence band and the red dotted lines extending into the bandgap
correspond to the band tail DOS. (b) Transfer characteristics of highly doped
and lowly doped TFET devices depicting the effects of source depletion (c)
Transfer characteristics of a core-shell TFET with poor S, Ion and Iopg.
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magnitude reduced Iopr and steeper S, suffered from poor Ipyn . To improve
the on-state, TFET with a core-shell InGaAsSb-GaAsSb nanowire structure
was developed during this thesis work with doping moved 120 nm further
away from the tunnel junction in the core and 2x increased doping in the
shell [85]. However, the resulting TFET in Fig 4.2 (c) demonstrated inferior
performance to their predecessors which could be due to the non-optimal
shell composition and the critical shell positioning that failed to achieve the
desired band bending at the tunnel junction. The effect of band tails on the
TFET device performance is further studied extensively in this thesis work
using low temperature characterization, the inferences of which are discussed
in Paper IV.

LOW TEMPERATURE/CRYOGENICS

At low temperatures, dopants in the semiconductor material freeze out
reducing the trap density and increasing the mobility. Hence, operating tran-
sistors at low temperatures provides performance improvements and reduced
noise levels useful as control and read-out electronics [86]. To understand
the limitations of classical electronics at low temperatures, characterization
techniques that measure the physics of carrier transport are necessary. A
thorough investigation of the low temperature behavior of TFETs is presented
in Paper IV.
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Figure 4.3: (a) The S behavior at 11 K for devices with different conductions
mechanisms (nN'TFET, PMOS) and high doping concentration all reach a mini-
mum value well above the MOS limit. (b) and (c) Transfer characteristics at 11
K of Sample A and B, respectively showing signs of quantization. The insets
are the corresponding Ipg vs S plots.
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4.2.1 SLOPE SATURATION

The theoretical limit of the subthreshold swing for a MOSFET is temperature
dependent as given by S(T) = m In(10) kgT/q. However, a FET measured
at cryogenic temperatures usually demonstrates a non-ideal S which tends
to saturate below a specific temperature to at least one order of magnitude
higher than the limit. This phenomenon is common to all FETs processed
during this thesis work irrespective of their structure and technology platform
as seen in Fig 4.3 (a).

The research community initially attributed the observed characteristics
entirely to interface traps close to the band edges. However, increasing the
interface trap density to fit to the excess S resulted in unrealistic values exceed-
ing the free carrier density of silicon suggesting D;; is not the only degrader of
the slope. Recently, Bohuslavskyi et al. modelled the cryogenic saturation of S
considering an exponential band tail in the density of states [87]. Beckers et al.
revised the above model by incorporating the possibility of additional intrinsic
mechanisms such as electron-phonon scattering, crystalline periodicity etc. as
also responsible for the blurred band edges [88].

In this regard, samples produced during this thesis work reveal several
slope regions as seen in the transfer characteristics in Fig 4.3 (b) and (c) at
low temperatures which could be attributed to the effect of quantization in
the source and channel regions. From previous studies on InAs/InGaAsSb
heterojunctions published within the group, the band alignment has been seen
to form a triangular well on the source side close to the tunnel junction [19].
The band offset between the wurtzite and zinc blende segments of the InAs
channel has also been shown to create a triangular well. Hence both source
and channel quantization may contribute to the observed features. Sample A
showing several features of kinks in the subthreshold region of the transfer
curve gives a higher S saturation value with the minimum S achieved only
over a narrow current range. On the other hand, Sample B with several
peaks observed only beyond the threshold voltage demonstrates a more
constant S over a large current range suitable for circuit implementations.
The features blur out with increasing temperature due to thermal broadening
of the sub-bands in the source and channel and are hence not observed for
room temperature measurements [89]. From this analysis, it can be concluded
that though quantization does not drastically affect the S saturation value, it
affects the operating range of a device limiting its applicability and hence
this effect cannot be neglected. However, the kinks observed close to the off-
state of the device could be due to contribution from individual trap states.
Hence a more elaborate model to catch the effects of quantization and traps
separately from the low temperature measurements is required.
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BARRIER HEIGHT

The band structure of the fabricated devices needs to be experimentally eval-
uated to understand if the obtained band alignment is the same as intended.
This assessment is crucial especially for TFETs where the existence of a poten-
tial barrier due to poor doping or misaligned metal contacts could lead to a
MOSEFET, controlled by thermionic emission connected in series with a tunnel
junction, instead of a TFET [90]. The barrier height for current transport can
be evaluated by studying the temperature dependence of the device current
using Arrhenius plots from low as well as high temperature characterization
as discussed in Paper I. A ballistic 1D transport model was adopted for
the extraction of barrier height for all the samples in this thesis work [91].
Applying this technique in Paper I helped identify the existence of a large
potential barrier at the drain-side of the gate underlapped TFET revealing the
disadvantages of using a gate-underlap to suppress ambipolarity in TFETs. A
similar approach was adopted in evaluating the band structure of the core-
shell PMOS in Paper V. This analysis suggested that the Vpg dependence in
the off- state indicates a non-optimal drain-side doping. Thus, by utilizing
the above technique, it is possible to obtain an in-depth understanding of the
nanowire growth as well as the device architecture.

RECONFIGURABLE DEVICES

For a small Au dot size and a given supply of the precursor material, the
length of the nanowire increases with a similar volume as for a larger Au dot
size. This results in the variation in length of the InAs segment w.r.t the Au
diameter as seen in Fig 4.4 (a). At small diameter scales, the chemical potential
of the precursor in the seed particle increases resulting in a reduction of
material incorporation and decreased growth rate. This phenomenon known
as Gibbs-Thomson effect is predominant in the growth of III-Sb nanowires
resulting in a shorter InGaAsSb segment at small Au diameters [92].

All nanowires utilized in this thesis work had a similar diameter to length
dependence of the nanowire segments. By designing the sample with dif-
ferent Au dot sizes and taking advantage of the variation in the length of
the segments, regions on the die with PMOS-only devices, PMOS+ n-type
TFET devices and TFET-only devices were developed using the fabrication
process flow described in section 3.5. The band bending suitable for a
PMOS-only and PMOS+NTFET operation is illustrated in Fig 4.4 (b) & (c),
respectively. Note the difference in the gate placement for the two operations.
The PMOS-only devices (Fig 4.4 (d)) exhibit good off-state and S while the
poor Ion can be attributed to the intrinsic segment of the source and the
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low doping of the drain. For devices demonstrating both p- and n-type
conduction (Fig 4.4 (e) & (f)), PMOS exhibits poor Iopr probably due to
leakage from tunneling from drain to channel as the tunnel barrier in this
case is narrow. The TFET also demonstrates poor S and Ion mainly due to
InGaAsSb homojunction acting as a tunnel junction with insufficient source
doping. Note that the source and drain terminals have been interchanged
between the two FET types presented. This demonstration is a proof-of-
concept showcasing the possibilities of the particular device architecture but
further extensive improvements in performance and device configuration are
necessary for its application.

BENCHMARKING

Different approaches are undertaken during this thesis work to improve the
performance particular to the needs of the low-power applications such as
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Figure 4.4: (a) The effect of the Au dot size on the length of the bottom InAs
and top InGaAsSb segments of the nanowire. The InAs segment shortens
while InGaAsSb segment gets longer with increasing Au diameter. (b) Band
diagram of a core-shell nanowire demonstrating the band alignment suitable
for (c) PMOS-only and (d) PMOS+ n-type TFET operations. Note that the S/D
terminals are interchanged. Transfer characteristics of a device that exhibited
(e) only PMOS behavior and (f) both PMOS and TFET behavior. (g) NDR
characteristics measured confirming the TFET operation.
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IoT discussed in section 1.1. In this regard sample matrices with nanowire
growth variations and device design alterations were developed as described
in chapter 3. The Ion, Iorr and S were the three main parameters targeted for
improvement. The contribution of this thesis work to the research field of III-
V NTFET and PMOS devices is summarized as benchmark plots highlighting
the best performances achieved (Fig 4.6 and Fig 4.7).

To get an overview of the improvements achieved in the TFET device
performance during this thesis, the work is categorized based on process de-
velopment into different generations (Fig 4.5). For TFETS, the first generation
focused on suppressing the ambipolar conduction and improving the off-state
leakage currents. This involved replacing the SiO, bottom spacer with resist
spacer to realize a gate-drain underlap configuration. Despite achieving the
intended reduction in Iopr, the Ion suffered due to the underlap (Paper I).
The second generation of process development focused on improving the
on-state performance while still suppressing the ambipolarity. This was
achieved by varying the arsenic composition of the source while using a

a) b)

c)

Figure 4.5: Schematic illustrations of the different generations of TFET devices
developed during this thesis. (a) Device with organic spacer and a gate-drain
underlap aiming to suppress Iogr. (b) Device with reduced EOT, SiOy spacer
and varying arsenic composition in the quaternary source segment. (c) Device
with Al,O3 bottom spacer field plate and varying indium composition in the
quaternary source segment.
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SiOy bottom spacer (Paper II). The third generation focused on improving
the performance further and achieving a steeper S which was accomplished
by finding the optimum composition for indium at the source and using a
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Figure 4.6: (a) The performance of the different generations of the TFETs
developed during this project. Generation 0 implies the starting point of this
project [39]. Ion suffered in Generation I while Iy suffered in Generation II.
A balance in performance had been achieved with Generation III. (b) S and (c)
Ion of the TFETs from this work (red stars) benchmarked against other III-V
TFETs from the literature. Inset of (b) shows the zoomed plot. The numbers
represent the research groups that reported the corresponding devices: (1)
Notre Dame [27,28,93-95] (2) Penn state [29,31,96] (3) IBM [36,97,98] (4)
IMEC [35,99,100] (5) MIT [34,101] (6) Hokkaido [37,102] (7) Tokyo [32,33,103]
(8) TSMC [38] (9) Lund [39,84,104]
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high-k bottom spacer that acted as a field plate (Paper III). Apart from the
above highlighted devices, several intermediate samples were involved in
the methodical study that paved the way towards upgrading each mentioned
generation. In addition, core-shell TFETs were developed to study the impact
of dopant induced defects on the TFET characteristics particularly at cryogenic
temperatures.

The improvement in S with generations is evident from Fig 4.6 (a) while
the Ipny has been maintained without drastic degradation. Generation 0
signifies the starting point for this thesis project [39]. The final generation
demonstrated devices with sub-40 mV/dec switching with Iopp 10x lower
than Generation 0 and Ipy reduced only by 0.5x. The different generations
are also benchmarked in Fig 4.6 (b) and (c) against the other III-V devices
discussed in the state-of-the-art in section 2.3. Though devices developed
before 2014 could reach high current levels, they unfortunately struggled to
deliver steep switching. After 2015, more sub-60 mV/dec devices had been
demonstrated with [39] delivering the best performance. This thesis work
has worked towards reducing the S further without compromising the Ioy as
shown in Fig 4.6 (c).

For PMOS, the device generation involved improving the gate electrostatics
by moving from a more Sb-rich channel commonly adopted in the community
to an InGaAsSb quarternary channel(Paper V). The outcome of this generation
was an improved on/off ratio and a first demonstration of sub-100 mV /dec S
(Fig 4.7) compared to the state-of-the art III-V PMOS discussed in section 2.3.
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Figure 4.7: (a) Benchmarking of the PMOS device from this work (red star)
against other III-V PMOS reported in literature. The green triangles are other
vertical nanowire devices [50-52,63-65], yellow circles are FinFETs [49, 66],
and brown squares are wafer bonded devices [67].
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Future work could focus on reducing the access resistance by engineering the
dopants in the shell and the InAs drain while still maintaining the achieved S
and Iopr. Another option worth studying is the device performance by using
the same core nanowire structure but without the shell to see the capabilities
of the chosen channel.
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Summary and Outlook

RANSISTORS that can improve the energy efficiency of elec-
tronics have been explored in this thesis work using vertical
InAs/InGaAsSb/GaSb heterostructure nanowires integrated on a Si
substrate. Improvements in heterojunction band lineup (Paper II) and tran-
sistor device design (Paper I, Paper III) has helped achieve, to the best of
our knowledge, the highest drive currents (Ion = 4 pA/um) for a sub-40
mV/dec (S = 32 mV/dec) TFET at a low operating voltage (Vps = 0.3 V) and
off- current (Iopr = 1 nA/um) with minimum current (Iyyn = 100 pA/um).
However, further improvements in device performance as stated in section 2.3
is needed for TFETs to find application in electronic devices.

When the TFET reaches such competitiveness at Vpg = 0.3 V, they can enable
a reduction of the supply voltage by 2.3x from the current commercially
available FinFET technology which could provide a 5.4x lower power con-
sumption. Applications requiring low power and small devices such as in
Internet of Medical Things (IoMT) can then benefit from this novel technology.
We estimate that an Apple Watch offering continuous health monitoring that
has a battery life of 18 hours using a 7nm FinFET platform if transferred to the
TFET platform can operate with a battery life of 4 days. A portable glucose
monitoring device, when connected for data transmission, loses 25-60% of its
battery power which can then be reduced to 5-12% when the operating voltage
is reduced with the presented technology. This could potentially increase the
number of tests that can be performed, and data transmitted from the device
before requiring recharging.

Although these steep slope devices demonstrate great potential for low
power applications satisfying the requirement for standby power dissipation
and low voltage operation, the achieved Ioy is, however, still about two orders
of magnitude lower than that required for commercial use. Although sys-
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tematic variations of the nanowire growth conditions were performed during
this thesis work to understand the capabilities of the InAs/InGaAsSb/GaSb
tunnel junction, further growth studies which includes variation in doping
concentration could help identify the optimum band alignment to reach the
required currents. However, past attempts to improve the current levels by
increasing the source doping and engineering the band alignment by varying
the source composition has in most cases resulted in degrading the off-state
performance of the devices. A path forward worth detailed studying is the
core-shell TFETS, the first generation of device fabrication process for which
has been developed during this thesis. The gate-last process developed for
these TFET structures could also help to understand if the contact resistance
from the top of the nanowire was degrading Ron and Ion.

The InGaAsSb channel PMOS studied during this project can be a promis-
ing material option for III-V p-type transistors and optimizing the doping
in the nanowire structure is a straightforward step in the future to improve
the currents. Short Lg below 60 nm have very rarely been attempted among
the III-V PMOS reported due to their already high leakage currents. The
better gate control observed from the InAs/InGaAsSb/GaSb PMOS provides
an opportunity to scale Lg which could further improve the on-state perfor-
mance. However, more work on improving the contacts to the Sb- segments
and assessing the oxide-semiconductor interface quality is required to extract
the full potential of this material structure.

The hybrid p- and n-type devices attempted in this work using a vertical
core-shell nanowire and a single gate has demonstrated possibility to achieve
reconfigurability at reduced footprint. However, the developed process needs
to be extended to a dual gate structure in order to suppress the leakage
currents. More detailed measurements and device modeling are required to
understand the device functionality and to design application specific unit
cells.

Though a lot of developments have happened in the field of III-V FETs in
the past five years, several questions still remain. If a novel technology and
a novel material system is to penetrate the semiconductor industry, it must
demonstrate significant benefits not only from a performance standpoint but
also economically to convince industry integration. Substantial efforts are
necessary from the scientific community to accomplish this transformation,
however the results achieved so far give hope that it would not be too long
before we find these transistors in our day-to-day electronic devices.
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Fabrication of Vertical Nanowire
Field-Effect Transistor

LL nanowire growth in this thesis work must be accredited to Dr.
Johannes Svensson and Zhongyunshen Zhu. The samples were fab-
: ricated on a lightly p-doped 1 cm? Si substrates with an epitaxially
grown 260 nm thick Sn-doped n**InAs buffer layer. The Au-seed particles
were patterned using EBL followed by metal deposition and lift-off. At
the time of this thesis the above process step was perfomed at Chalmers
University. InAs/InGaAsSb/GaSb heterostructure vertical nanowires were
grown using Sn for n-doping the InAs segment and Zn for doping the Sb-
segments. Detailed information and data regarding growth can be obtained
from the above mentioned growers. The following text describes the details of
the process steps involved in the fabrication of vertical nanowire transistors.

SAMPLE CLEANING BEFORE NANOWIRE GROWTH

The 4-inch Au-patterned wafer from Chalmers is protected with photoresist
before dicing it into 1 cm? sample dies which must then be cleaned before
nanowire growth.

e Clean the sample in acetone at 50°C for 15 min.

e Transfer the sample to a beaker with fresh acetone and place in ultrasonic
power bath for 10 min.

e Rinse the sample in fresh acetone followed by IPA.

e Clean the sample using O, plasma ashing in Plasma Preen with metal
cage for 15 s at 5 mbar.
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DIGITAL ETCHING

Inspect the grown nanowires in the SEM.
To etch the InAs segment:
® Oxidize the nanowire using O3 at 50°C for 5 min.
m Wet-etch the sample in citric acid for 30 s.
m Rinse in H,O for 30 s.
m Rinse in IPA for 30 s.
To etch the InGaAsSb segment:
® Oxidize the nanowire using O, atmosphere within the ozone cleaner
at room temperature.
m Wet-etch the sample in pre-mixed HCL:IPA 1:10 for 30 s.
® Rinse in IPA for 30 s.
Monitor the thickness of the nanowire in SEM between the etch cycles.

GATE OXIDE AND BOTTOM SPACER DEPOSITION

Load the sample into the ALD Savannah immediately after the last digital
etch cycle.

Surface cleaning using 5 cycles TMAL

Deposit 5 cycles of Al,O3 at 300°C.

Deposit 27 cycles of HfO; at 120°C.

Deposit 100 cycles of Al,O3 at 120°C.

Monitor in SEM to confirm deposition thickness.

BOTTOM SPACER DEFINITION
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Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.

Hard-bake the resist on a hotplate at 120°C for 15 min.

Etch 51813 in RIE-Trion using O, plasma at 15 sccm, 300 mTorr and 50 W
to the desired length of the spacer. Etch rate is ideally 0.7 nm/s and vary
depending on chamber conditions.

Monitor in SEM at constant intervals for the desired length.

Wet-etch Al,O3 in HF 1:400 for 25 s.

Remove resist by rinsing in acetone followed by IPA.



A Fabrication of Vertical Nanowire Field-Effect Transistor

GATE FORMATION

e Sputter 30 nm W in AJA Orion at 16 sccm Ar-flow and 100 W DC power
with rotation.
e Gate length definition:

Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.
Hard-bake the resist on a hotplate at 120°C for 15 min.

Etch 51813 in RIE-Trion using O, plasma at 15 sccm, 300 mTorr and
50 W to the desired length of the spacer.

® Monitor in SEM at constant intervals for the desired length.
m Etch W in RIE-Trion using SFs:Ar at 45/10 sccm, 140 W and 185

mTorr for 45 s.

Remove etch residues in Plasma Preen using O, plasma ashing for
30 s.
Remove resist by rinsing in acetone followed by IPA.

e Gate pad definition

Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.
Soft-bake the resist on a hotplate at 115°C for 90 s.

Pattern the gate pad using UV lithography for 5 s.

Stir the sample in MF 319 developer for 60-70 s.

Rinse in H,O.

Hard-bake resist on hotplate at 120°C for 15 min.

Etch W in RIE-Trion using SF¢:Ar at 45/10 sccm, 140 W and 185
mTorr for 45 s.

Remove etch residues in Plasma Preen using O, plasma ashing for
30 s.

Remove resist by rinsing in acetone followed by IPA.

TOP SPACER FORMATION

e Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.

e Permanent-bake the resist on a hotplate at 200°C for 25 min.

e Etch 51813 in RIE-Trion using O, plasma at 15 sccm, 300 mTorr and 50 W
to the desired length of the spacer.

e Monitor in SEM at constant intervals for the desired length.

VIA-HOLE FORMATION FOR CONTACT PADS

e Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.
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Soft-bake the resist on a hotplate at 115°C for 90 s.

Pattern the gate and drain via-holes using UV lithography for 5 s.

Stir the sample in MF 319 developer for 60-70 s.

Rinse in H;O.

Hard-bake resist on hotplate at 120°C for 15 min.

Etch the top spacer in the via-holes in RIE-Trion using O; plasma at 15
sccm, 300 mTorr and 50 W.

Remove resist by rinsing in acetone followed by IPA.

Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.

Soft-bake the resist on a hotplate at 115°C for 90 s.

Pattern the drain via-hole using UV lithography for 5 s.

Stir the sample in MF 319 developer for 60-70 s.

Rinse in H,O.

Hard-bake resist on hotplate at 120°C for 15 min.

Remove the trilayer high-k oxide in the via-hole using HF 1:400 for 3 min
45 s.

Remove resist by rinsing in acetone followed by IPA.

TOP CONTACT
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Remove the bilayer high-k oxide on top of the nanowire using HF 1:400
for 3 min 20 s.

Load the sample immediately into the sputter AJA Orion deposition
chamber.

Sputter 10nm Ni at 9 sccm Ar-flow and 100 W DC power with rotation.
Sputter 150 nm Au at 9 sccm Ar-flow and 100 W DC power with rotation.
Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.

Soft-bake the resist on a hotplate at 115°C for 90 s.

Pattern the contact pads using UV lithography for 5 s.

Stir the sample in MF 319 developer for 60-70 s.

Rinse in H,O.

Hard-bake resist on hotplate at 120°C for 15 min.

Wet-etch Au using Kl-based etchant for 15-20 s.

Wet-etch Ni using 1:2.5:2.5:5 CH3;COOH:HNO3:H;504:H,O for 40 s.
Remove resist by rinsing in acetone followed by IPA.



Fabrication of Core-Shell Vertical
Nanowire Field-Effect Transistors

HIs appendix contains the process steps specific to fabrication of
transistor from core-shell vertical nanowire. Only those steps different
from the standard process described in Appendix A is discussed here.
The first step in fabricating with a core-shell nanowire is to define the shell
edge and top metal to the top segment of the nanowire, the details of which
are as follows.

Deposit 100 cycles of Al,O3 sacrificial layer at 120°C using ALD-Savannah.

Spin coat the sample with 51813 photoresist at 60 s, 4000 rpm.

Hard-bake the resist on a hotplate at 120°C for 15 min.

Etch 51813 in RIE-Trion using O, plasma at 15 sccm, 300 mTorr and 50 W

to the desired length of the spacer.

Monitor in SEM at constant intervals for the desired length.

e Wet-etch Al,O3 in HF 1:400 for 25 s.

e Sputter 30 nm W in AJA Orion at 16 sccm Ar-flow and 100 W DC power
with rotation.

e Etch the planar W layer in ICP-RIE using 25:20 sccm SFg:N, with ICP
power 300 W and RF power 30 W at 5 mTorr.

e Remove etch residues in Plasma Preen using O, plasma ashing for 30 s.

e Remove resist by rinsing in acetone followed by IPA.

e Remove Al,Oj sacrificial layer from the bottom segment of the nanowire
by etching in HF 1:400 for 25 s.

Following the above steps, the process flow described in Appendix A can
be continued to fabricate the transistors.
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