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Abstract

This thesis explores several novel material systems and innovative de-
vice concepts enabled by nanowire technology. State-of-the-art fab-
rication techniques such as electron beam lithography and atomic
layer deposition are utilized to achieve high control and quality in
the device fabrication. The devices in this thesis are based on two
main types of design geometries, lateral and vertical, each of which
have strengths and weaknesses. The first part of the thesis describes
the goals of future metal-oxide—semiconductor field-effect transistors
(MOSFETSs) and discusses the ultimate scalability surrounding exper-
imental results for 15-nm-diameter InAs nanowires and how they com-
pare to other state-of-the-art transistors. The extracted ON-resistance
(R, = 250 Q-pum) and drive currents (I,, = 1250 pA/pm) are compa-
rable to state-of-the-art high-electron-mobility transistors (HEMTs)
from MIT and quantum-well field-effect transistors from Intel. The
outstanding performance is mainly attributed to the reduced access
resistance achieved through an n*-i-n* doping profile. The extracted
mobilities also agree well with state-of-the-art and theoretical predic-
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tions for extremely scaled devices.

The second part of the thesis discusses how nanowires may be
employed to enable III-V complementary metal-oxide-semiconductor
(CMOS) digital logic. Nanowires enable the formation of both n-type
semiconductors and p-type semiconductors, which are a requirement
for CMOS, in a single nanowire and allow for integration on a Si
platform. III-V MOSFETs are frequently employed for analog ap-
plications, but there is a disconnect regarding p-type devices, which
are also required for digital logic. The individual segments of the
nanowire are evaluated as well as the entire nanowire in an inverter
configuration. This thesis then presents a strategy for matching the
drive currents n- and p-type MOSFETs.

The final part of the thesis deals with a family of devices that op-
erate according to principles fundamentally different from those of a
traditional MOSFET, namely tunnel FETs (TFETs). There is a de-
mand for steep-slope devices such as TFETs to enable supply-voltage
scaling to reduce the power dissipation. Although devices have demon-
strated <60 mV/decade operation, they commonly suffer from low
ON-currents. To maximize the drive current, the broken band gap
alignment of GaSb/InAs is exploited to allow for a direct tunneling
mechanism. The material system is first explored as Esaki diodes and
in various doping profiles to understand the influence of doping on
device performance. The devices are further evolved into TFETs by
the addition of a high-x gate dielectric and an additional terminal.
Experimental results display high ON-currents of I,, = 310pA/um
comparable to other state-of-the-art TFETs. Finally, an innovative
design concept combining axial and radial heterostructures is utilized
to design a radial TFET with a small footprint. A radial GaSb/InAs
core/shell TFET provides an attractive way to increase the drive cur-
rent of a TFET without compromising either device electrostatics or
chip area. The functionality of radial Esaki diodes and TFETs is
demonstrated and evaluated by the maximum peak currents, which
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are much improved as compared to their axial counterparts when nor-
malized to the largest cross-sectional area of the nanowire, assuming
a vertical device geometry, illustrating the advantage of a core—shell
architecture. The dimensions of the InAs shells are below 15-nm and
display clear quantization effects revealed in low-temperature electri-
cal characterization.
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Popularvetenskaplig sammanfattning

Hur hade var virld sett ut utan den teknologiska revolutionen som
skett de senaste decennierna? Inget internet, inga mobiltelefoner,
inga surfplattor? Drivkraften bakom att det hela ar en vildigt liten
bestandsdel som sitter i ndstan all elektronik, den sa kallade transis-
torn. En transistor kan se lite olika ut men ar i stora drag en elektrisk
komponent dir man styr stréommen mellan tva kontakter med hjilp
av en tredje kontakt kallad for gate eller styre. Man kommer inte sa
langt med bara en transistor men nir man borjar nidrma sig ett antal
miljarder sa kommer man upp i antalet transistorer som sitter i en
modern processor.

Redan 1925 patenterades den forsta transistorn av Julius Edgar
Lilienfeld men eftersom uppfinnaren inte skrev om sin upptéackt i nagra
vetenskapliga tidsskrifter sa uppméarksammades inte upptéackten. Det
var inte forrdn 1947 da William Shockley, John Bardeen och Walter
Brattain pa AT&T Bell Labs byggde en fungerande transistor baserad
pa Lilienfelds patent som halvledarutvecklingen verkligen borjade ta
fart. Det kontinuerliga kravet pa allt snabbare och energisnalare elek-



tronik i allt mindre och mindre format har rullat pa i ett par decennier
enligt en forutsagelse fran Gordon Moore, en av Intels grundare, som
forutspadde ett samband, att antalet transistorer pa ett chip skulle for-
dubblas var 18:e manad. Denna férutségelse kallas for Moores lag och
har hittils foljts vildigt vial. Denna ’lag’ dr nagot som halvledarindus-
trin nu borjat oroa sig for da dimensionerna pa transistorerna snart
borjar ndrma sig atoméra dimensioner. Pa den skalan borjar kvant-
fenomen som t.ex. tunnling stélla till med bekymmer. Tunnling ar
ett fenomen som gor att strommen t.ex. kan hoppa genom en isola-
tor som den i vanliga fall inte ska kunna gora vilket i sin tur foérstor
funktionaliteten man har byggt upp i sin processor.

Ett mer angeliget bekymmer idag handar om effektférbruknin-
gen och i forlingningen virmeutvecklingen pa ett chip vilket har f6ljt
naturligt av Moores Lag. Det ar valdigt manga transistorer som ska
samsas om ytan och den virme som de utvecklar maste ta vigen nagon-
stans. Detta syns vildigt tydligt i utvecklingen idag da bade datorer
och birbara enheter som t.ex. mobiltelefoner som istéllet for ckade
klockfrekvenser utrustas med fler processorer som jobbar vid en nagot
lagre frekvens. Denna avhandling behandlar ett antal idéer och kon-
cept pa hur man skulle kunna fortsiatta halvindustins fantastiska resa
och som ibland kallas for 'more than Moore’.

Majoriteten av all elektronik idag ar kiselbaserad eftersom kisel
ar mycket vanligt och aterfinns som kiseloxid i naturen i t.ex. sand
och lera, och ar darfor valdigt billigt. Kiseltekonologin ar mycket vé-
lutvecklad men kisel som material har sina begrédnsningar. Man pratar
ofta om elektronmobilitet nir man pratar om halvledarmaterial och
det ar en egenskap som beskriver hur litt det dr for elektroner, eller
strom, att flyta i materialet. Man kan t.ex. anvinda lite mer exotiska
material som t.ex. indiumarsenid, InAs, dir elektronerna kan rora
sig over 20 ganger littare #in i kisel. Ar det mycket littare att flytta
elektronerna behéver man inte lika mycket energi for att fa igenom
motsvarande strom som i en kiseltransistor och alltsa blir dven effek-
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Figure 1: En matris av InAs nanotridar som har vdzt pa ett kiselsubstrat.
InAs fortriffliga egenskaper ar vdl lampade for att tillverka transistorer som
ar battre an motsvarande i kisel.

tforbrukningen lagre. Vill man ta det hela steget lingre sa behéver
man byta designgeometri pa sin transistor. Denna utvecklingen har
gatt fran plandra eller 'platta’ transistorer till dagens transistorer som
ser ut som fenor. Vill man sedan forbéttra sin transistor ytterligare
sa formar man sin transistor som en nanotrad vilket ytterligare okar
effektiviteten pa transistorn.

Det finns en familj av transistorer, sa kallade tunneltransistorer,
dar man utnyttjar tunnlingsfenomenet till sin férdel. Genom att kom-
binera val valda material med varandra kan man se till att styra
tunnlingsstrommen med hjalp av en gate, men med en mycket ligre
energiforbrukning eftersom tunneltransistorerna ar lattare att stanga
av dn mer konventionella transistorer.

Denna avhandling omfattar ett antal nya material- och komponen-
tkoncept inom 'more than Moore” och ger en inblick i teknologier som
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framtidens transistorer skulle kunna vara baserade pa.
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CHAPTER 1

Background

The semiconductor industry has been on an incredible journey since
1947 when William Shockley, John Bardeen, and Walter Brattain at
AT&T Bell Laboratories demonstrated the first point-conctact tran-
sistor. The transistor is regarded by many as the most important
scientific achievement of the 20th century. The first transistor was
large and bulky, but over the last few decades it has become so small
that it can be depicted only with advanced instruments such as scan-
ning electron microscopes (SEM). The intensive development in circuit
miniaturization has provided an extensive toolset for fabrication and
manipulation of nanometer-scale structures.

The scaling of the transistor dimensions has provided exponential
improvements in, e.g., transistor density, performance, and power ef-
ficiency. Since 2003, Si complementary metal-oxide-semiconductor
(CMOS) technology has entered a stage of power-constrained scaling,
i.e., a power density saturation at approximately 100 W /cm?.'® This
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a (A) By (V) pe (cm?/Vs) puy (cm?/Vs)

Si 5.431 1.12 1400 450

Ge 2.658  0.661 3900 1900
GaAs 2.653 1.424 8500 400
GaSb 6.096  0.726 3000 1000
InP 2.869 1.344 5400 200
II10.53G3JO.47AS 5.869 0.75 12000 300

Ing;GagsAs 5937  0.588 20200 3-400
InAs 6.058  0.354 40000 500
InSb 6.479  0.170 77000 850

Table 1.1: Lattice constant (ag), band gap (E,), and electron and hole
mobility (ue and pp,) for commonly used semiconductors.”

has led to the introduction of multicore technology in mainstream
computers and portable devices such as mobile phones and tablets.
The dynamic power dissipation is proportional to the cube of the sup-
ply voltage V4, and thus a reduction would be attractive. However,
the goals of scaling are to minimize the transistor dimensions while
achieving a maximum ON-current I, for a given OFF-current I,y;.
The concern is the diminished ON-performance of Si with a reduction
in supply voltage.* To address this issue, the electron velocity could
be increased, i.e., replacing Si with materials that have higher mobil-
ities, such as graphene or I1I-V semiconductors, as displayed in Table
1.1. Alternatively, or in conjunction with high-mobility semiconduc-
tors, devices with the ability to modulate the current in a transistor
faster than a traditional metal-oxide—semiconductor field-effect tran-
sistor (MOSFET), e.g., tunnel FETs (TFETs) may be introduced.

The drawback of high-mobility materials is the narrow band gap
and low density of states. For CMOS, high mobilities are necessary
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for both the nFETs and the pFETSs; however, it is difficult to find such
a combination (Table 1.1). Furthermore, in the interest of easier gate
stack integration and device processing, the same semiconductor ma-
terial would be preferred.® However, in terms of materials integration,
specifically the integration of high-permittivity (high-x) dielectrics,
some materials may be suitable as nFETs while problematic as pFETSs,
or vice versa. It is possible to fabricate high-electron-mobility tran-
sistors (HEMTs) that exhibit excellent device metrics down to gate
lengths of L, = 30nm; however, further scaling will require the in-
troduction of a high-x dielectric because the gate starts to lose elec-
trostatic control of the channel as the distance between the source
and the drain decreases.” HEMTs offer a convenient model system
to explore III-V semiconductors without needing to worry about the
complications of a MOS stack. The take-home messages from HEMTs
are (i) the high mobilities and injection velocities allow for high drive
currents and near-ballistic operation for gate lengths below 50 nm, but
(ii) scaling below 30 nm will require a MOS structure. The contact re-
sistance is another figure of merit that must be much improved to
conform to the demands of extremely scaled devices.

Currently, much research is being conducted into nanowires, which
are semiconductors shaped as rod-like crystal structures grown from
Au particles.81% Chapter 2 provides more details on nanowire growth.
These nanowires can be grown with high aspect ratios, i.e., diame-
ters far below 100 nm and several microns long. This self-assembled
bottom-up process is distinct from common practice in industry, where
a top-down approach is generally employed to create nanoscale struc-
tures from bulk-like materials. Nanowires are not restricted to ma-
terials that can be grown in bulk or as layered structures and open
up new opportunities to explore novel semiconductor materials and
exotic heterostructures that are impossible to grow in bulk.!!

From a device point of view, a nanowire is a semiconductor crystal
that confines the movement of electrons in the radial direction and
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allows free movement only along the main axis of the nanowire. This
provides an intrinsic well-defined transport channel for the electrons.
By introducing a capacitively coupled gate, electrostatically modulat-
ing the carrier density in the nanowire, the resistivity of a nanowire
device can be controlled. A gate is particularly effective if placed
around a cylindrical geometry'? such as a nanowire channel and has
been successfully demonstrated in nanowire MOSFETs.!316 The elec-
trostatics of a nanowire geometry enable less stringent demands on
the thickness of the gate dielectric than, e.g., planar transistors. The
intrinsic confinement properties of nanowires may be advantageously
employed for quantum devices.!”!® The detrimental effect of a nar-
row band gap semiconductor may be alleviated in an extremely scaled
nanowire.?’

In summary, III-V CMOS has a number of challenges remaining.
A suitable materials combination must be chosen that co-integrates n-
and p-type devices together. A gate stack must be demonstrated with
near-ideal properties for both material types. The access resistance to
the devices must be much improved in order to deliver the performance
required for extremely scaled devices.

Many of these challenges are suitably addressed by nanowires be-
cause nanowires can accommodate a wider variety of materials com-
binations than conventional bulk materials and allow for devices with
ideal electrostatics in a gate-all-around (GAA) device architecture.

This thesis examines a number of novel materials and materials
combinations as well as innovative device concepts that may or may
not be incorporated when traditional CMOS fails.

Chapter 2 provides background information regarding nanowire growth
and nanowire device fabrication in both lateral architectures and ver-
tical architectures. The general concepts discussed in this chapter are
relevant in all the listed papers to some extent.
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Chapter 3 introduces some basic MOSFET theory and important
figures of merit and discusses ultimate scaling based on experimen-
tal results on 15-nm-diameter InAs MOSFETs. This chapter also
includes benchmarking against state-of-the-art transistors in various
other technologies. The chapter provides a general background to pa-
pers I and II.

Chapter 4 concerns the implementation of n- and p-type semicon-
ductors on the same chip, which is necessary for full III-V CMOS
implementation. This chapter provides background information and
summarizes the results of paper IIL.

Chapter 5 provides background information to papers IV-VII in terms
of the underlying theory of tunneling. This chapter summarizes the
results in papers IV-VII, discusses the results in a broader context,
and provides benchmarking against state-of-the-art devices.

Chapter 6 discusses some insights gained over the years regarding
academia and device research in general. There is also a short sec-
tion discussing my view on beyond-CMOS technologies.
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CHAPTER 2

Device fabrication

This chapter briefly introduces some of the processing technicalities
and device designs employed in this thesis. This chapter also familiar-
izes the reader with the basics of nanowire growth. Two main processes
have been used during this thesis: (i) lateral devices fabricated from
single nanowires transferred to Si chips and (ii) devices and circuits
designed in a vertical architecture from as-grown nanowires.

2.1 Nanowire growth

Before any nanowire devices can be fabricated, nanowires must of
course be grown. The method employed for nanowire growth in this
thesis is called metal-organic vapor-phase epitaxy (MOVPE), which
is also known as metal-organic chemical vapor deposition (MOCVD).
The main motivation for using MOCVD is a high degree of freedom
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of available doping sources and good composition control.

A simplistic image of a MOCVD growth reactor is an oven into
which gaseous semiconductor precursors are introduced. In the case of
InAs nanowires, these precursors are usually trimethylindium (TMIn)
and arsine (AsHj) (see Fig. 2.1). There are two main methods of
nanowire growth: (i) growth from Au seeds or from other metal par-
ticles such as Cu?2! or (ii) seed-particle free growth, also called
selective-area growth, where nanowires instead nucleate from open-
ings, e.g., in an oxide.? 2" The primary method used for devices in
this thesis is Au-assisted growth, because of the excellent composition
control and the ample in-house knowledge on the subject. For lateral
devices, where exact placement control is not required, the nanowires
are grown from randomly dispersed Au aerosols. However, for vertical
devices, where there are stringent demands on placement and parti-
cle density, electron beam lithography (EBL) is used to define the Au
seeds followed by a thermal evaporation of Au and lift-off. This will
be discussed further in the section on vertical devices (Section 2.3).
After the formation of Au seeds, the sample is placed on the suscep-
tor of the MOCVD reactor. The first step is an annealing stage at
high temperature (~ 470-550 °C) to desorb unwanted materials from
the surface and alloy the Au seed with the substrate. The tempera-
ture is then lowered to approximately 420°C, and the metal-organic
semiconductor precursors are introduced into the chamber. The pre-
cursors land on the surface and diffuse until they reach a Au seed, or
they desorb again if no incorporation site can be found. Indium is
incorporated into the particle, and as it becomes supersaturated, an
InAs crystal starts to grow at the particle—substrate interface, form-
ing a nanowire as the particle is lifted up. If doping incorporation is
desired, the corresponding gases are also added to the reactor.?® After
the desired length of nanowire is reached, the reactor is cooled, and
an AsHjs overpressure is maintained in the reactor to prevent the Au
particle from “consuming” the nanowire.
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Figure 2.1: Schematic nanowire growth. (a) Au seed particles are dispersed
as aerosols on a substrate or defined by EBL followed by metal evaporation
and lift-off. (b) The sample is placed in the MOCVD growth reactor, which
15 heated to 420° C, and metal-organic semiconductor precursors are supplied
to the reactor chamber by a Ho carrier gas. (c) For InAs nanowires, TMIn
and AsHs decompose and diffuse, forming an InAs crystal below the Au
seed. In the process, the Au seed is lifted up, and a nanowire begins to take
shape below. (d) After the desired length has been achieved, the gas flows
are turned off, with the exception of AsHs. The temperature is then lowered,
and the AsHs overpressure prevents the reaction from occurring in reverse,
where the Au seed would “consume” the InAs nanowire.
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During the growth, it is possible to switch semiconductor materi-
als abruptly, allowing for the formation of various heterostructures.?
One of the main advantages of growing III-V semiconductors in the
shape of a nanowire, compared with planar growth, is the ability to
switch between materials with different lattice constants with a low
probability of defect formation.?® In contrast to planar growth, the
strain due to mismatch in lattice constants between two materials can
relax by radial expansion or contraction when grown in the shape of
a nanowire.

2.2 Lateral devices

To evaluate the electrical properties of nanowires from various growth
runs, for making circuits, devices are usually designed and fabricated
in a lateral architecture.?® Nanowires grown from an aerosol sam-
ple are dispersed onto a prepatterned Si chip with markers and with
100 nm of thermally grown SiO, by a dry-deposition technique, as il-
lustrated in Fig. 2.2. Source and drain electrodes are patterned by
EBL followed by thermal evaporation of a metal. Before the metal
evaporation, the contact interface surface is treated to further reduce
the contact resistance and remove any native oxide. The selection of
surface treatment is dependent on the nanowire, but a short dip in
buffered oxide etch HF:H,O (1:10) has proven to work well for InAs
nanowires. The choice of metal also depends on the semiconductor
material. For InAs, Ni/Au or Ti/Au have proven to be suitable com-
binations, offering low resistive ohmic contacts to InAs. At this stage
a two-terminal device is ready for electrical measurements. A two-
terminal device has limited functionality and provides only a limited
amount of information. A complete transistor must include a third
input terminal: the gate.

Before the gate electrode can be fabricated, the gate dielectric win-
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Figure 2.2: Schematic fabrication of devices in a lateral architecture. (a),
(b) Nanowires are dry-deposited on a prepatterned Si chip with 100nm of
thermally grown SiOy. The chip back-side is covered with Au to allow for a
back-gate to electrostatically modulate devices on the top-side of the chip. (c)
Source and drain electrodes are defined by EBL, which is followed by metal
thermal evaporation and a lift-off step. (d) A window for the gate dielectric
is defined by EBL, followed by an ALD step of o high-x dielectric such as
Al O3 or HfOs. This fabrication step is finalized with a lift-off step, which
also limits the ALD reactor temperature to approzimately 100°C. (e), (f)
The final step in creating a transistor includes forming a top gate by similar
means to the source and drain electrodes.
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dow is patterned by EBL. An atomic layer deposition (ALD) process
is used to deposit the high-x gate dielectric, which is commonly Al,O3,
HfO,, or a combination of the two. A bi-layer is used because AlyO3
has been shown to offer a better interface to III-V semiconductors®!:32
and because HfO, has a high relative permittivity, which increases the
gate capacitance. The ALD is followed by a lift-off of the oxide out-
side the device area, which limits the ALD process to approximately
100 °C.?3 The final stage of the process is the formation of a top gate,
which follows a similar process scheme to the source and drain elec-
trodes.

2.3  Vertical devices

Vertical processing introduces new challenges compared with lateral
processing, but also presents significant advantages over lateral de-
vices. The main advantages include (i) arrays of nanowires result-
ing in an impedance suitable for radio frequency (RF) probing, (ii)
fabrication of complex circuits in a 3D architecture, and (iii) im-
proved gate electrostatics enabling aggressive channel length scaling
and nonlithography-based gate length definition. Omne of the main
challenges is the fabrication of densely packed nanowire arrays with
diameters below 10nm (Fig. 2.3). Aerosols are generally available
from approximately 5 to 80nm, but lack the position control neces-
sary for circuit design. Si integration is important for industry to keep
down the fabrication costs, and thus the InAs nanowires are grown on
a Si substrate by means of a ~300nm InAs buffer layer. The Si sub-
strate is highly resistive, thus enabling RF characterization.

To realize these densely packed arrays of nanowires in a controlled
fashion, two main challenges must be addressed: (i) controllable and
reproducible fabrication of Au seeds around or below 10 nm in diame-
ter by means of EBL and (ii) stringent epitaxial control (Fig. 2.4). Al-
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Figure 2.3: SEM images of the scaling of Au seeds. (a) 8nm seeds.
(b) 20nm seeds. (c) 85nm seeds. (a—c) Scalebars are 150nm. (d) After
nanowire growth and high-x deposition; scalebar is 2 pm.

ternative methods of fabrication include so-called digital etching, i.e.,
growing nanowires thicker than desired that are subsequently partially
oxidized, followed by a selective etch of the oxide.?*% This process
allows for the nanowire to be thinned in incremental steps.

The epitaxial parameter window is quite small for extremely scaled
Au seeds. The Au seeds may move during the annealing stage of the
growth, much more so for sub-20-nm particles, which could impair
transistor performance and circuit functionality. Removing the an-
nealing step appears to alleviate the issue to allow for arrays with less
displacement. It remains unclear how the interface quality between
the substrate and Au seed particle is affected compared to growths
with higher annealing temperatures.

To minimize the time for the formation of a native oxide, the sam-
ple is quickly moved between the MOCVD reactor and the ALD reac-
tor where an Al,O3/HfO, bi-layer is deposited as the gate dielectric.
At this stage there are many processing paths to reach the goal of a
functioning chip, and thus a generalized overview is presented here. A
transistor consists of three terminals connected to a semiconducting
channel as illustrated in Fig. 2.5. The InAs buffer layer at the base of
the nanowire is utilized as the source contact, leaving the formation
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Figure 2.4: Nanowire pitch scaling for nanowires below 20 nm in diameter.
The nanowires are covered in a high-x film (=5nm). All images are taken
at an angle of 52°. (a), (b) 300nm pitch. (c), (d) 100nm pitch, which
translates to a spacing of approximately 70nm. The nanowires are also
slightly wider because of the prozimity effect in the EBL.
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of a gate and drain terminal. Device isolation is performed in the
InAs buffer layer via a wet etch solution of H3PO4:HyO9:HyO (1:1:25)
to enable RF characterization and circuit functionality. Before the
gate terminal can be fabricated, electrically isolating materials must
be introduced so that the source-gate and gate-drain terminals do
not short circuit. These spacers can be manufactured in several ways
such as through SiO, or SizN, by plasma-enhanced chemical vapor de-
position, organic photoresist or hydrogen silsesquioxane by a spin-on
technique, or evaporated SiO,. The spacer should be electrically in-
sulating and have a low dielectric permittivity to reduce the parasitic
capacitance of the devices. The spacers commonly require a planariza-
tion step before a gate can be placed on top, and this is achieved by
reactive ion etching, usually with a protective photoresist mask.

The gate is generally fabricated by either a sputtering technique or
thermal evaporation. In a sputtering approach, tungsten is preferred
because of its dry-etching properties. A sputtered gate has good cover-
age of the nanowire, but it is difficult to specify a gate length, because
it is defined by a spin-on technique and dry-etching as illustrated in
Fig. 2.5. In contrast, an evaporated approach allows for gate length
control with a precision of a few Angstroms, but presents difficulties in
coverage.'1% A second spacer of preference is formed atop the gate,
forming an isolation layer before the drain fabrication. The drain ter-
minal is often formed by sputtering of, e.g., Ti/W/Au, but may also
be fabricated by metal thermal evaporation and lift-off. All pattern-
ing during processing is performed by soft-UV lithography, with the
exception of the Au seeds for nanowire growth.
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Figure 2.5: (a) Schematic image of a vertical nanowire MOSFET. (b)
InAs nanowires grown on a Si substrate covered in a 5-nm-thick HfOo film
with a planarized 20nm SiOy spacer. (c) Cross-sectional image of an older-
generation vertical MOSFET where InAs nanowires were grown from an InP
substrate and the spacers comprised organic polymers. The semi-insulating
InP requires a source socket contact to form a connection to the bottom of
the nanowire.



CHAPTER 3

MOSFETs

This chapter deals with InAs nanowire FETs and is mainly based
on papers I and II. There are many types of transistors, but a large
number of them operate in a similar fashion. This chapter discusses a
family of transistors called MOSFETs and, more specifically, nanowire
MOSFETs.

The semiconductor community has voiced concerns regarding how
long Moore’s law, which states that the number of transistors on a
chip will double every 18 months, will hold. This fantastic advance-
ment has been driven by consumers continuously expecting more and
more functionality in ever more portable devices. For the last few
decades the semiconductor industry has mostly focused on scaling the
Si transistors to fit more of them on the same chip.

Although the nanowire device architecture offers superior electro-
statics and the ability to combine semiconductor materials with a high
lattice mismatch,? other technologies have produced transistors with

17



18 CHAPTER 3. MOSFETs

impressive figures of merit.3”*! As the gate length is scaled down, the
gate must retain its ability to maintain the potential in the channel to
enable efficient switching of the transistor. One common route is to
thin the gate oxide or replace it with a material with higher permit-
tivity. However, at some point the leakage current becomes too large,
and alternative device geometries must be used that lessen the con-
straints on the gate dielectric thickness. For extremely scaled devices,
the device architectures of choice are usually FinFETs or extremely
thin silicon-on-insulator films (also known as SOI) to maintain good
electrostatics.*>%3 Much research into high-performance transistors is
directed toward an alternate channel material. Si, which has been the
workhorse of the industry for many decades, is a mature technology
and is naturally used as a benchmark to evaluate emerging technolo-
gies. Si technology is in fact so good that it is difficult to find examples
of emerging technologies that demonstrate sufficient improvement over
Si transistors to replace Si as the next-generation transistor technol-
ogy. Alternate channel materials are mainly explored to take advan-
tage of higher mobilities, which is a metric used to define how easily
carriers move in a material. InAs, one of the principal III-V semi-
conductors explored in this thesis, in bulk form has approximately
20 times higher mobility than Si. The remainder of this chapter will
discuss the principles of a well-tempered transistor.

3.1 MOSFET fundamentals

A simplistic description of a MOSFET is a voltage-controlled resistor
or a current source depending on the biasing conditions. A MOS-
FET has three terminals: (i) a source, (ii) a drain, and (iii) a gate
terminal. At low drain bias (Vjs), the current flows from the source
to the drain terminal when the source is grounded, following a linear
current—voltage relationship, as it would through a regular resistor.
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Figure 3.1: Schematic cross section of a planar n-type MOSFET. An
inwversion layer charge forms beneath the gate when the applied gate voltage is
larger than the threshold voltage, Vys > Vi. (a) Schematic of the channel at
low Vgs. (b) At high Vs, the inversion layer is “pinched off.” (c¢) Schematic
band diagram at high Vgs for varying V.

The advantage of a MOSFET is that the resistance can be controlled
by a voltage on the third terminal, the gate. At high Vj,, the current—
voltage relationship will no longer be linear and the MOSFET will in-
stead behave as a current source, i.e., a constant current independent
of the applied V. This means that above a certain drain bias, called
the saturation voltage (Viu), the current only increases marginally
with larger V.

The traditional approach to describe MOSFET operation is often
explained by images similar to Fig. 3.1a and b. An n-type (a semicon-
ductor with a surplus of free electrons) MOSFET is fabricated on a
p-type (a semiconductor with a lack of electrons or a surplus of holes)
substrate where the source and drain sides are then heavily n-doped,
creating pockets with a high density of charge carriers.** For a cur-
rent to flow between the source and the drain, an inversion layer of
electrons must be formed below the gate. This occurs when the gate
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potential Vi, is larger than the threshold voltage Vi, in other words,
when V=V, > 0. At high Vj,, the channel near the drain end will be-
gin to diminish because the potential difference between the gate and
the channel will be too small to maintain the inversion layer, which is
the traditional explanation for why the current begins to saturate at
hlgh Vds-

A more fundamentally correct and also simpler description is a top-
of-the-barrier description of a MOSFET, also known as the “virtual
source” (VS) model.*>*6 By describing the operation of a MOSFET
as a device where a barrier is modulated by the imposed gate action,
it is easier to understand the principle of operation and compare tech-
nologies, because most operate by the same basic principles. One flaw
in the traditional model is the understanding of current saturation. In
1992, D.J. Frank et al., using Monte Carlo simulations, showed that
the electrons’ velocity actually saturates at the beginning of the chan-
nel rather than at the end as the traditional model would suggest.*”
For short gate lengths (L,) near the end of the channel where the elec-
tric field is the strongest, the electrons actually experience a velocity
overshoot because the carriers simply do not have time to scatter be-
fore they are swept out through the drain. The VS model instead
incorporates a parameter called the injection velocity v;,;,*®* which
is the average velocity at the beginning of the channel. A succinct
derivation of the equations describing the I;-Vy, characteristics by
means of the VS model is available in the Appendix.

To complicate matters, the saturation velocity v, for Si happens
to be very close to v;,;, and therefore the traditional model has so
far been able to predict current—voltage characteristics successfully.
The VS model has been used to fit a multitude of experimental data
in various transistor technologies such as Si and III-Vs, ranging from
long-channel devices to extremely scaled, basically ballistic devices
with much success.
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3.2 Key figures of merit

In the following sections, several important figures of merit are pre-
sented. Although some of these are explored in more detail than oth-
ers, the key figure of merit depends on the specific application for the
transistor.

3.2.1 Drive current

One important figure of merit is the ON-current or drive current, I,,.
In digital circuitry, capacitors are typically charged and discharged
in order for a circuit to operate correctly. The speed at which it is
possible to charge and discharge these capacitors will set the speed
of the circuit, which is why it is preferable to have as high an ON-
current as possible. Generally, the ON-current of a device is determined
when both the gate and the drain terminals are at the same bias
as the supply voltage, Vgq = Vys = Vg. However, a more useful
evaluation of the ON-current should be performed at a fixed overdrive
voltage instead, V,, = Vys— Vi = Vi = Vgq. An alternative means to
determine the ON-current, as well as the OFF-current, is by defining a
window around the threshold voltage V; such that the ON-current is
determined at V; + 1/3 Vy; and the ON-current at V; - 2/3 V4.5
The semiconductor industry usually has two main types of transis-
tors in their product line: a high-performance type and a low-power
type. For the former, the industry has decided that a device is off
when I,rr = 100nA /pm, which occurs at a certain gate voltage V¢,
ideally 0V.*3 The corresponding value for the low-power devices is
30 pA/um and that for ultra-low-power devices is 15 pA/pm.
Another definition available to circuit designers is instead general
purpose and low-power transistors. These in turn both have three
sub-categories to choose from; high, standard and low V;. To compare
the drive current across different device architectures, it is necessary
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to normalize the value in some fashion. A common method is to
normalize the current to the gate perimeter of the device. For a planar
MOSFET, this would mean normalizing to the gate width, whereas
in a FinFET, this would involve the width of the fin together with
the length of both sides of the fin. For nanowire devices, in a GAA
architecture, the normalization would be done to the circumference of
the nanowire.

From the I;-Vy, characteristics, it is possible to can extract the
ON-resistance R,, as illustrated in Fig. 3.2a. The ON-resistance, also
called the total resistance Ry, is a combination of source, channel,
and drain resistance, Ry + R., + Rg. The output conductance g, is
also an important metric and for an ideal MOSFET should be as close
to zero as possible.

3.2.2 Transconductance and threshold voltage

Using the I~ Vs characteristics of a transistor, the transconductance,
gm, can be calculated. The transconductance is a figure of merit that
describes how efficiently the current of the device can be modulated
with the gate. The values are often presented as maximum values at
a fixed V45, commonly the supply voltage at which the transistor is
operated. The transconductance is calculated by differentiating the
Iis- Vs characteristics, such that

o 5[ds
gm = 5V,

(3.1)

as illustrated in Fig. 3.2c. The transconductance is expressed in units
of Siemens (S) or in the normalized case (uS/pm).

One method of extracting the threshold voltage, V;, is through
linear extrapolation from the maximum transconductance, to where
the line intersects the z-axis, as illustrated in Fig. 3.2c. Usually the
transfer characteristics are presented biased at the supply voltage,
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which gives the saturation threshold voltage. At a low source-drain
bias, the linear threshold voltage may be calculated and is usually
higher than the saturated value. Generally, for an n-type device, a
slightly positive threshold voltage is desirable so that the device is in
its OFF-state at Vs — 0 V to avoid unnecessary power consumption.

One method of extracting the threshold voltage, V;, is through
linear extrapolation from the maximum transconductance, to where
the line intersects the x-axis, also illustrated in Fig. 3.2c. Usually
the transfer characteristics are presented biased at the supply voltage,
which gives the saturation threshold voltage. At a low source-drain
bias, the linear threshold voltage may be calculated and is usually
higher than the saturated value. Generally, for a n-type device, a
slightly positive threshold voltage is desired in order to have the de-
vice in its OFF-state at Vg, — 0 V so that unnecessary power is not
consumed.

3.2.3 Subthreshold swing and drain-induced bar-
rier lowering

The previous figures of merit mainly relate to the ON-state of the de-
vice; however, the OFF-state of the transistor is in many cases more
significant than the ON-state. Most emerging technologies generally
demonstrate exceptional ON-performance, such as high drive currents,
but commonly lack in OFF-performance or vice versa. This is where
Si technology truly shines where many years of development has led
to transistors that combine excellent ON- and OFF-characteristics si-
multaneously. A small leakage current in the OFF-state may not be a
problem for a single device, but in a modern processor with billions of
transistors, the small leakage current in each device could turn into a
huge leakage current for the entire chip. To evaluate a device’s OFF-
state performance, a common practice is to evaluate the Ij-Vys on a
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Figure 3.2: Typical output and transfer characteristics of a MOSFET.
The data has been normalized to the nanowire circumference. The figures
display simulated data of a 15-nm-diameter InAs nanowire MOSFET op-
erating in the ballistic regime. (a) I;5-Vys or output characteristics of the
MOSFET. This curve is often used to evaluate the ON-state performance
of a MOSFET. (b) I45-Vys plot on a semi-logarithmic scale. The high Vg
curve is simulated, whereas the low Vys curve is sketched to illustrate clearly
the effect of drain-induced barrier lowering (DIBL). (c) 145-Vgs plot on a
linear scale, also known as the transfer characteristics, commonly used to
extract Vi by the maximum transconductance method. (d) The schematic
drawing shows the circuit symbol normally used for a MOSFET where some
parasttic series resistances have been added. In o ballistic device, as has
been used in the simulated data (a—c), these resistances are zero. The table
presents some of the key device metrics.
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semi-logarithmic scale to clarify the characteristics below the threshold
voltage. Firstly, the subthreshold swing or inverse subthreshold slope
(SS) is a figure of merit determining how many mV in gate potential
change is required to obtain a tenfold change in current as

5 log,o(1as) ksT\ ([ 6vs\
_ 99%10\ds) _ o MBE 2
SS A 303 . i (3.2)

where kg is the Boltzmann constant, 7" is the temperature, ¢ is the
elementary charge, and ), is the semiconductor surface potential. Ide-
ally, we want to get as much current out as possible for a very small
change in gate voltage. This requires that the applied gate voltage
is efficiently modulating the bands as described by the last term in
Equation 3.2. Ideally, (6¢5/0V,s) ™ = 1+ Cy/Cop = 1, where Cy is the
depletion capacitance and C\, is the oxide capacitance. Therefore, in
a MOSFET, there is a lower limit of SS,,;, = 60 mV/decade at room
temperature, which is related to the Fermi distribution of carriers and
thermal injection of carriers into the channel.

Drain-induced barrier lowering (DIBL) is another figure of merit
and refers to the influence of the drain potential on the channel. This
figure of merit should be maintained at a low value for a well-tempered
device. This effect is most pronounced in MOSFETs with very short
gate lengths. The degradation of the SS and DIBL as the gate length
is scaled is commonly referred to as short-channel effects. The effect
of DIBL can be minimized by stringent constraints on the gate in a
short-channel device by introducing improved electrostatics, as a GAA
found in nanowire devices, and the introduction of a high-x dielectric.

3.2.4 Cut-off frequency and maximum oscillation
frequency

The figures of merit discussed so far are mostly associated with the
direct-current mode of operation of the transistor; however, some RF
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or alternating-current metrics are also of great importance.®® The cut-
off frequency (f;) is defined as the frequency at which the current gain
is equal to 1 and is given by
1 ng ng

=—+ —(R;+ R Rs+ Ry) C, 3.3
on T, gm+gm( + Ra) ga+ (Rs + Ra) Cga (3.3)
In an ideal MOSFET, R, and R; = 0 €2, and the cut-off frequency

simplifies to

_ Gm
fe= 27(Cys + Cya) (3.4)

The maximum oscillation frequency (fq.), defined as the frequency
when the power gain is equal to 1, is given by

Ji
87 Ry Coa |1+ (%2 ) v

fmax = (35)

where W is

C2 2 C. 02 2
v = 99 (g Ry) 4 eI g | R,y 4 e

Again, in an ideal MOSFET, R, = R; = g4 = 0, and therefore ¥ = 0,
and the equation for f,,,, simplifies to

(3.6)

Ji
87TR9 ng

In paper II, a f; of 7 GHz and a f,,,. of 20 GHz are reported for a
vertical nanowire MOSFET consisting of an array of 70 InAs nanowires
and L, = 100 nm. Direct-current electrical characterization revealed
high ON-currents but diminished OFF-performance, which is attributed
to the nanowires being doped throughout the growth with tin. A
small signal model was developed to evaluate the device parasitics,
and parasitic capacitances between source, gate, and drain were found
to limit the performance of the device.

fmagc = (37)
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3.3 The ultimate scalability

The basic design rules when scaling the transistors have followed a
few simple rules set out by R.H. Dennard et al.>> The rules stipulate
that scaling the device dimensions by a factor of k must be accom-
panied by scaling the oxide thickness by the same factor along with
the voltages used. The idea behind the rules is: If the electrostatic
configuration of the device is kept constant by following the scaling
rules, the new device should behave as a well-tempered, smaller ver-
sion of the initial transistor. This has worked well over the past few
decades; however, when the oxide shrinks below the thickness of a
few atomic layers to maintain the electrostatics of very short gate-
length devices, the leakage current through the gate will be substan-
tial. For this reason, high-x dielectrics such as Al,O3 and HfO, are
being integrated into modern devices, allowing for thicker oxides while
maintaining a high capacitive coupling between the gate and channel.
However, simply working on oxide integration from a materials stand-
point is not sufficient. Planar technologies have been evolved into
FinFETs for increased electrostatic control because the gate field is
more efficiently imposed on the channel. Extremely scaled planar de-
vices, so-called silicon-on-insulator devices, are also being considered
as an option to manage short-channel effects.®® Next-generation de-
vices with nanowire channels are currently being investigated because
nanowire devices offer GAA device designs that should allow for “ul-
timate electrostatics” >

Although nanowires provide excellent electrostatics in a GAA con-
figuration, scaling L, below 10 nm will require nanowires with diam-
eters of 5 nm and below, as illustrated in Fig. 3.3. One concern of
the semiconductor community is how pronounced the surface scat-
tering effects will be in such extremely scaled nanowire MOSFETs.
As short-channel effects begin to dominate the transport, it is vi-
tal to be able to predict the performance of future devices. A.C.
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Figure 3.3: The minimum effective gate length necessary to maintain
SS < 70mV /decade and DIBL < 50mV/V as a function of (a) oxide thick-
ness and (b) nanowire diameter for an InAs GAA device architecture.’®
The oxide is assumed to be HfOo with €, = 20.

Ford et al. have shown a linear relationship of the field-effect mobil-
ity and the InAs nanowire diameter on long-channel MOSFET de-
vices such that Ap,/Ar = 422c¢m?/V-s per nm.>" Inserting values
into Equation A.15, assuming Maxwell-Boltzmann statistics, we find
pp = 6900 cm?/V-s, and from the work from Ford et al., we deduce
tn = 1985cm?/V:s for a 15-nm-diameter InAs nanowire. This re-
sults in an apparent mobility p,,, = 1541 c¢cm?/V-s. In paper I, the
apparent mobility for a 15-nm-diameter MOSFET was extracted by
using a non-parabolic model to calculate the flat-band gate capac-
itance (L, = 100nm and oxide thickness t,, = 5nm) resulting in
fapp = 1510 cm?/V-s, which is very close to the theoretical value.

Although the mobilities are indeed much lower in scaled InAs
nanowires than in the bulk InAs,* high drive currents of 1267 pA /pm
(34 MA /cm?) are still achieved for these scaled InAs nanowire MOS-
FETs. Quantifying devices today solely by means of long-channel
metrics governed by diffusive transport, such as classical mobility, is
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Figure 3.4: Measured output and transfer characteristics of a 15-nm-
diameter InAs nanowire MOSFET. The gate length is 100 nm, and the data
has been normalized to the nanowire circumference. (a) Is-Vgas characteris-
tics showing a mazimum drive current of 1250 pA/pm. Vymaz = 2V, AV,
= 0.5V. (b) Igs-Vys plot on a semi-logarithmic scale for two drain biases:
10mV and 500mV. The dashed lines show the down sweep, and the solid
lines show the up sweep, indicating some hysteresis in the device. (c) Ijs-
Vys plot on a linear scale showing Vy = —0.3 V. (d) The schematic drawing
shows the parasitic series resistances, extracted by fitting the ballistic data
with added series resistances on both the source and the drain. The table dis-

plays some of the key device metrics of the 15-nm-diameter InAs MOSFET
nanowire.
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becoming outdated. Classical mobility still plays its part, but as the
transport mechanism begins to be dominated by ballistic transport,
other parameters are playing an increasingly crucial role in device per-
formance. To achieve high drive currents in ballistic devices, the v,
and the density of states must be high, that is, a large number of
carriers are needed, and they need to move fast.

The v;,,; is inversely proportional to the square root of the effec-
tive mass, and therefore InAs (m* = 0.023) is able to achieve higher
injection velocities, of almost a factor of 3, than Si (m* = 0.19). The
drawback is that the density of states is proportional to the effective
mass, and hence the density of states is lower for I1I-V semiconductors
than for Si semiconductors. This effect is further worsened by reducing
the dimensionality of a device. Even so, modern Si MOSFETs operate
at approximately half the ballistic limit, whereas III-V devices such as
HEMTs can operate much closer to the ballistic limit. This is mainly
because the mean free path in III-Vs is longer than for a corresponding
Si device.

Figure 3.4a illustrates the output characteristics of a 15-nm-diameter
InAs nanowire MOSFET, which exhibits similar drive currents to mod-
ern HEMTs,” although HEMTs operate at a lower overdrive. This is a
consequence of the integration of high-x dielectrics on ITI-Vs as seen in
the transconductance and SS. Whereas HEMTs have a good-quality
channel interface, high-x dielectrics on III-V channels often form a
high density of interface traps (D), which degrade the electrostat-
ics. The drawback of HEMTs is a large leakage current between the
gate terminal and the channel. The interface quality in a MOSFET
could be improved by surface passivation techniques®® and the ALD
conditions®3? as well as post-deposition annealing.®”

The InAs nanowire MOSFETSs studied in paper I also show a max-
imum voltage gain, ¢,,/go = 50, which is an indication of a low DIBL
(60 mV /V) and low series resistance in the source and drain. The low
access resistance is attributed to the selective overgrowth of the source
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Figure 3.5: (a) SEM image of the “neck” structure of the nanowire. The
highlighted area is studied in closer detail in (b). (b) Transmission electron
microscope image of the upper i-n™, InAs-InAs:Se, neck region. The dashed
line indicates the onset of a twinned zinc blende structure and an increase
in nanowire diameter as Se is introduced to the growth reactor. Nanowire
diameters are found down to 15nm, including a 1-nm-thick native oxide.



32 CHAPTER 3. MOSFETs

D I, L I SS

(nm) (nm) (A/mm) (S/mm) (mV/dec) Neb Technology
15 100 1.25 1.23 140 I NW

10 30 0.7 1.9 80 7 HEMT

30 250 0.38 0.56 120 60 III-V FinFET
10 75 0.49 1.75 85 38 QWFET

25 170 1.02 0.8 260 61 radial NW

13 230 1.5 1.72 180 62 XOI

22 30 1.08 - 71 43 Gj FinFET
11.2 25 0.52 - ~100 63 SiNW

Table 3.1: Data on a list of devices with varying dimensions (D, diame-
ter/thickness) and gate lengths (Lg). The values for Io, and g,, of nanowire
devices are normalized to the circumference. The values are given for Vg
= 0.5V, with the exception of Majumdar et al. %% which is given for Vgs =
0.75V. Here, I, is presented for the highest reported gate overdrive (Vo).

and drain by InAs:Sn and InAs:Se, forming a n*-i-n* doping profile
as illustrated in Fig. 3.5. An estimate of the series resistances was
obtained by setting R, = R; = 1.6 k(2 in the ballistic model as illus-
trated in Fig. 3.2. Interchanging the source and drain bias produces
the same [;s- V4 characteristics, which suggests that the source and
drain resistance are similar in size. Furthermore, from the extracted
R,, = 5.3 k), assuming ballistic transport in the channel, we can de-
duce that only six sub-bands, or channels for current flow, contribute
to the transport of electrons in this highly scaled device.

An overview of advanced transistors reveals competitive figures of
merit for InAs nanowire MOSFETs compared with state-of-the-art
devices in various technologies (Table 3.1). The ON-characteristics of
15-nm-diameter InAs nanowires are excellent and are likely to improve
further with shorter gate lengths. A challenge remains in the OFF-
state performance, mainly in the S5, which should be improved by
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a transition to a vertical design architecture allowing for a GAA. In
addition, the gate stack must be improved to allow for a higher-quality
interface between the high-x and InAs nanowire, and this is expected
to improve both ON- and OFF-state performance.
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CHAPTER 4

11I-V CMOS

This chapter examines the integration of n- and p-type I1I-V semicon-
ductors with the purpose of fabricating III-V CMOS circuitry. The
topic of ITI-V CMOS is relatively unexplored, even though it is impor-
tant for integration of I1I-V for logic circuits. This chapter is mainly
based on paper III.

4.1 CMOS basics

Most of the efforts into researching II1I-V semiconductors have focused
on n-type materials and have often been applied toward analog ap-
plications. The main reason for this is that the electron mobilities of
n-type III-Vs are higher than the hole mobilities of p-type III-Vs.0
However, for efficient operation in CMOS digital logic, both n-type
devices and p-type devices are essential. This chapter examines the

35
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implementation of both n-InAs and p-GaSb on a single chip for the
fabrication of III-V CMOS circuits.

Among the III-V binaries, InAs has one of the highest electron mo-
bilities (pe = 33000 cm?/Vs), which makes it suitable as a channel ma-
terial in an nFET. On the other hand, GaSb has one of the highest hole
mobilities of the binary III-V semiconductors (p;, = 1000 cm?/V-s) and
is thus a suitable choice for a pFET. To grow III-V semiconductors epi-
taxially as planar layers, a lattice-matched substrate or a thick buffer
layer is necessary to avoid dislocations. Such defects could otherwise
be detrimental to the device operation. However, lattice-matched sub-
strates are often conducting, which would result in a high parasitic
capacitance and could also cause difficulties in circuit path routing.
In an effort to avoid this disadvantage, some elegant work has been
undertaken in which epitaxially grown nanoribbons were mechanically
transferred onto an insulating substrate.649

However, to circumvent the issue, I11-V semiconductors can instead
be grown as nanowires, which allow for radial relaxation capable of ac-
comodating a lattice mismatch of up to 15%.%" Threading dislocations
terminate at the nanowire surface close to the heterointerface and do
not extend into the nanowire. A nanowire-based IIT-V CMOS solution
allows for direct integration on, e.g., a Si substrate.?%% In addition
to integration on Si, nanowires can accommodate several III-V semi-
conductors in one nanowire, as illustrated in Fig. 4.3a.

One of the main advantages of CMOS is the prospect of low-power
circuits. This is achieved by using two (or more) complementary de-
vices, one n-type (also called the pull-down network) and one p-type
(or pull-up network), as illustrated in Fig. 4.1a—c, exemplifying an in-
verter configuration. This configuration ensures that there is never a
direct-current path between the supply and ground unless a switching
event occurs. Figure 4.1b illustrates the current path through the in-
verter assuming a “low” input signal or a digital “0”. In this scenario,
the nMOS is turned off while the pMOS is on, which results in an
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output of “high” or “1”. Correspondingly, a “high” input signal to the
inverter will turn the nMOS on while the pMOS is turned off, which
will result in an output of “low” or “07, as illustrated in 4.1c. This
operation is inverting because a “low” input turns into a “high” output
and vice versa. A ring oscillator consists of an odd number of invert-
ers connected in series, and the output of the final stage is connected
to the input of the first stage (Fig. 4.1d). This is a self-oscillating
circuit and is often used to evaluate emerging technologies to assess
their viability by measuring the speed or oscillating frequency. High-
performance devices may oscillate at frequencies that are difficult to
measure, and thus it is common to increase the number of stages in
order to reduce the oscillating frequency. Single-stage performance is
evaluated by dividing the oscillation time by the number of stages.

4.2 CMOS metrics

A few more metrics are important when evaluating CMOS circuits,
such as speed and power. The analysis begins by evaluating the switch-
ing event of shifting from a “1” to a “0” on the input of an inverter
(Fig. 4.2a). At this switching event, the output capacitance C,,; must
discharge through the pull-down network. Ideally, a CMOS inverter
should only consume energy during a switching event as illustrated in
Fig. 4.2b.

The current through the pull-down network is given by

OV (t
[ds(t> = - out(s—tt() (41)
and correspondingly
1;.(sat
Vour(t) = Vg — =2 ( )(t — to) (4.2)
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Figure 4.1: Schematics of inverter and ring oscillator operation. (a) A
series connection of a pMOS and an nMOS with a common input forms an
inverter. (b) A “low” input signal or a digital “0” turns the pMOS device on,
whereas the nMOS is turned off. This will result in a “high” or “1” signal
on the output. (c) A “high” input signal or a “1” will turn off the pMOS
and turn on the nMOS device. The output will correspondingly turn into a
“TGow” or “0”. (d) An odd number of inverters form a ring oscillator. A ring
oscillator is a self-oscillating circuit commonly used to benchmark emerging
technologies.
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Figure 4.2: Schematic inverter voltage and current transfer characteris-
tics. (a) Inverter voltage transfer characteristics. NMy and NMp, describe
the high and low noise margins, respectively, and are determined at the point
where the gain is -1. Ideally the noise margin should be as large as possible.
(b) The solid line depicts the current transfer characteristics of an inverter.
This highlights the advantage of a CMOS design because the circuit does not
draw power unless a switching event occurs.

where ¢ is the time of the switching event. Equations 4.1 and 4.2 are
valid in a quasi-static assumption where it is assumed that the current
through the transistor is constant I, sq; above Vg, 5¢ and acts like a
resistor below Vi sq¢, which in the time domain would correspond to
to <t < ti, where t; is the time at which the transistor crosses into
triode operation. At time ¢, the system can be modeled as a simple
resistor—capacitor circuit, which is known to have a time constant
T = Ren - Cour at which point the output voltage discharges as

Vour(t) = ‘/out(tl)e_t/T (4.3)

To evaluate the speed of the circuit, a metric commonly used is the
propagation delay, denoted as 7, and defined as the point at which
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the output voltage has been reduced by a factor of two.

Oout‘/;id

T 2Ids,sat (44)
The key conclusion is that, to have very fast switching in a circuit,
a high ON-current is necessary. If the CMOS performance is instead
discussed in terms of power, a suitable starting point is the energy
stored in a capacitor W, = CV7,. Here, T is the time it takes for the
input to switch from “0” to “1” and back again to 0 (i.e., one period)
and can be used to determine the dynamic energy consumption during
a switching event T'/2 as

AE
Payn = T2~ fov (4.5)

where « is an activity factor. All the transistors are not always active
in a circuit, which is regulated by the factor . Furthermore, the
frequency of operation f is dependent on the drive current or the
overdrive voltage V,, = Vyg — V;. This means that, to increase the
speed of the circuit, either the supply voltage may be increased, which
will cost more energy, or V; may be lowered. However, lowering V; will
result in a higher static power dissipation because

Pstat ~ eiqw/kaTVdd (46)

Hence there is a trade-off between speed and power that must be
considered when designing a circuit. Another approach to reducing the
power consumption without sacrificing the speed of the circuit would
be to implement a device that is not limited by the 60 mV /decade limit
of MOSFETs. One promising approach involves replacing traditional
MOSFETs with TFETs and is discussed further in Chapter 5.
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Figure 4.3: SEM and schematic images of a III-V CMOS inverter real-
ized in a single InAs/GaSb nanowire. (a) SEM image of an InAs/GaSh
nanowire. The image is taken at 30°. (b) Schematic inverter design for a
single nanowire. (c) Schematic layout of a completed inverter.

4.3 Lateral circuits

InAs/GaSb nanowires were grown by MOVPE from 30-nm-diameter
Au aerosols deposited on an InAs(111)B substrate. AsH; and TMIn
were used as precursors to grow the InAs segment at 450 °C, followed
by the GaSb segment grown at 500 °C, where trimethylgallium and
trimethylantimony were used as precursors. Energy-dispersive X-ray
spectroscopy (XEDS) revealed that the GaSb was Ingo3Gag.g7Sh be-
cause it was difficult to empty the Au catalyst particle of all the In
from the growth of the first segment. Both segments were grown
approximately 1pum long and 55nm and 65nm in diameter for the
InAs and GaSb segment, respectively. Inverters were fabricated as de-
scribed in Section 2.2, including ground, supply, and input and output
electrodes, as illustrated in Fig. 4.3 b and c.

Electrical measurements on the individual n-type segment and p-
type segment reveals an asymmetry in drive current for the InAs nFET
and the GaSb pFET. Long channel devices with L, = 750 nm display
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Figure 4.4: Electrical characterization of an InAs/GaSb single nanowire
inverter. (a) Output characteristics for the indiwidual nFET InAs and
pFET GaSb segments. (b) Inverter voltage transfer characteristics at vari-
ous suppy voltages. The maximum gain is 10.5 for a supply voltage of 1 V.
(¢c), (d) Time-resolved inverter characteristics for a square wave input signal

of (¢) 100Hz and (d) 1kHz and a supply voltage of 0.5'V.
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drive currents of 58 and 1.7pA /um (Fig. 4.4a), which coincidentally
corresponds well to the difference between the bulk mobilities of elec-
trons in InAs and holes in GaSb. Electrical measurements in an in-
verter configuration display correct inverting operation and resolve a
full swing as illustrated in Fig. 4.4b. After smoothing and differentia-
tion, the maximum gain of 10.5 is calculated at a supply voltage of 1 V.
The asymmetry will limit the switching speed of the inverter because
a low input should charge the capacitance on the output through the
GaSb pFET. The discharge cycle will be significantly faster through
the InAs nFET to the ground terminal, as illustrated in Fig. 4.4 c
and d. In this device layout, the main limiting factor of the inverting
frequency is attributed to the large capacitance on the output node,
estimated to be 17.3pF, rather than the drive currents alone (Equa-
tion 4.4). Integrating Is,ppiy, for Viypp, = 0.5V, over a switching event
results in a power consumption of 93.6 nW.

4.4 GaSb pFETs for III-V CMOS

It has been shown that the performance in InAs nanowire MOSFETs
can be greatly improved by device scaling and reducing the access re-
sistance. A similar scheme for GaSb pMOS devices may be applied
in which the drive current [, and the transconductance g,, may be
boosted by incorporating an InAs(Sb) shell to improve the contacts
to GaSb and by introducing doping to further reduce the resistance.
GaSb nanowires were again grown from Au aerosols by MOVPE. In
contrast to the GaSb grown for I1I-V CMOS application, the nanowires
were grown with a GaAs stem as a base to facilitate the nucleation of
the GaSbh segment. The GaSb segment was doped with Zn at a molar
flow ratio of Zn/Ga=0.07 to reduce the resistance of the segment.
The GaSb was followed by an InAs segment that also formed a par-
asitic InAs(Sb) shell surrounding the GaSb segment. The nanowires
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Figure 4.5: Cross-sectional schematic tmage of an improved pFET. The
advancements include an InAs(Sb) shell to lower the contact resistance, and
a lightly Zn-doped GaSb channel.
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Figure 4.6: (a) Ij5-Vys characteristics of the improved GaSb pFET, Ly =
200 nm. (b) Transfer characteristics of the improved GaSb pFET at Vs =
0.5 V. (¢) Comparison of the transconductance of the inverter pFET, Ly =
190 nm, and the improved GaSb pFET.
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L, 1, bias Gm,maz SS Channel

Ly (pA/pm) conditions (uS/pm) (mV/dec) material Bef
200 nm 85 Vis =-05V, Vg =-15V 45 880 GaSb
190 nm 10 Vis =-05V, Vyy =-05V 13 400 GaShb 111
750 nm 70 Ve — 3V, Vo — 4V 26 600 GaSb 7
5 pm 4 Vis=-2V, Vg =4V - 250 GaSh n
2.6 pm 58 Vas = -1V, Vys =-1V - 156 InGaSh 2
30 nm 582 Vis =-1V, Vg =-12V - 80 SiGe &

Table 4.1: Benchmarking of a few figures of merit for various pFET tech-
nologies.

were transferred to a prepatterned Si chip as described in Section 2.2.
To evaluate solely the GaSbh core, the InAs(Sb) shell was selectively
etched away in a middle section, which was later to be defined as the
channel of the transistor, i.e., the ends of the GaSb segments remained
covered in an InAs(Sb) shell, as illustrated in Fig. 4.5. The regions
of the GaSb with a remaining InAs(Sb) shell would be defined as the
source and drain regions of the transistor. The InAs(Sb) shell allows
for excellent contacts because of the Fermi-level pinning in the conduc-
tion band and the narrow band gap, which results in a small Schottky
barrier. Furthermore, the broken gap alignment of InAs(Sb)/GaSb
provides an ohmic junction, which allows for a low access resistance
to the GaSb core.®® Figure 4.6a illustrates the I .-V, characteristics
of the improved GaSb pMOS. The contacts improved by introducing
an InAs(Sb) shell combined with a lightly Zn-doped GaSb channel
result in an increased maximum drive current I,, = 85 pA/um com-
pared with the pMOS in the inverter. The ON-resistance R,, of the
undoped pFET, 293k or 48 2-mm, was reduced by a factor of 10
to 29k or 5Q-mm for the improved GaSh pFET. This illustrates
that there is much untapped potential in GaSb considering the im-
provement achieved in ON-performance by only minor modifications.
Similarly, the maximum transconductance is boosted from 13 mS/mm
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to 45mS/mm at a bias of 0.5V. Benchmarking the improved GaSb
pMOS to state-of-the-art pFETs reveals much potential in the tech-
nology (Table 4.1).



CHAPTER b

Tunnel devices

In this chapter, tunnel devices are explored as an alternative to tra-
ditional MOSFETs. These devices are mainly being considered for
low-power applications, but recent reports indicate their promise as
high-performance devices. This chapter is chiefly based on papers
IV-VII.

5.1 Introduction to tunneling

As discussed in Chapter 1, there are two main paths to supply-voltage
scaling. The first concerns the implementation of high-mobility ma-
terials, which was addressed in Chapter 3. The second approach in-
volves steep-slope devices with SS lower than 60 mV /decade, which is
the limit of conventional MOSFETs. As a result, much effort is being
spent in the pursuit of TFETs, which do not suffer from the same

47



48 CHAPTER 5. Tunnel devices

fundamental limit as MOSFETs that rely on the thermionic emission
of carriers over a barrier. TFETs allow for SS below 60 mV /decade
by filtering out electrons in the Fermi tail, which in turn would allow
circuit designers to lower the supply voltage V;; while maintaining a
high drive current I,, without sacrificing I,¢; as would a conventional
MOSFET as illustrated in Fig. 5.1a. A few interesting device concepts
such as source-filtered MOSFETs have been reported in the literature,
but they are complicated to realize experimentally.™

The tunneling through a barrier can be approximated by a triangu-
lar potential, and the tunneling probability for a uniform electric field
can be calculated by the Wentzel-Kramers-Brillouin approximation™

T ~ exp {—2 / bk;(x)dx} (5.1)

Inserting the E-k relationship of the wave vector in a triangular barrier
into Equation 5.1 and solving the equation yields

— A2 B 2)

(5.2)

T ~
WKB = 2P ( 3qh(Ad + E,)

where X is the tunneling barrier width, m* is the effective mass, £,
is the band gap, A is the reduced Planck constant, and A¢ is the
energy windows through which tunneling can take place. For band-to-
band tunneling to occur, there must be states available in the channel
to which carriers in the source can tunnel. For maximum tunneling
probability, the barrier A must be sufficiently thin so as not to hinder
tunneling, i.e., the source—channel junction should be as steep as pos-
sible. Because the momentum must be conserved during tunneling,
direct band gap semiconductors are preferred in tunneling devices,
whereas indirect semiconductors such as Si must rely on a phonon-
assisted tunneling process. To further maximize the tunneling current,
a low m* is desired; however, m™* is also closely related to £, which is
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directly connected to I,¢; by thermal emission. Consequently, there
is a trade-off in the 1,, /I, ratio when selecting material systems for
TFET applications.

TFETs operate by carriers tunneling through a potential barrier,
resulting in currents that are invariably lower than in a correspond-
ing MOSFET." For this reason, the tunnel devices in this thesis are
based on a GaSb/InAs heterojunction that forms a type II broken band
alignment,”” which allows for tunneling without a potential barrier, as
illustrated in Fig. 5.1b. Furthermore, the heterojunction is a natural
p—n junction, even without doping, and both semiconductor materials
are direct band gap materials. The relatively small effective masses
of electrons and holes of III-Vs is an attractive feature to exploit to
achieve high drive currents in tunneling devices because the tunneling
current is directly related to the carrier mass. Moreover, III-V semi-
conductor heterostructures may be engineered to include a wide range
of band gaps and band alignments between source and channel, which
is key to achieving excellent ON- and OFF-properties in TFETs.6>78782
Promising work has been undertaken on InAs/GaSb TFETSs with drive
currents of up to 180 pA /um, which are mainly attributed to the bro-
ken band gap alignment.®3# There have also been reports of TFETs
in various material systems where sub-60-mV /decade slopes have been
reported, but these devices suffer from low drive currents.®68% As dis-
cussed in Chapter 3, for a technology to truly be considered as a
replacement for Si technology, it must be at least as good as Si in all
aspects and additionally have one or more figures of merit that surpass
those of Si. Preferably, the technology should also be easy to integrate
directly on a Si platform to keep the manufacturing costs low.

For an ideal TFET, the OFF-state leakage current should be low,
but real devices are rarely ideal and may be afflicted by a number of
leakage paths.”® Many devices, particularly I1I-V-based TFETSs, suffer
from defect-assisted tunneling, often due to mid-gap traps.”! Further
leakage paths include gate leakage through the oxide and Schottky-
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Figure 5.1: (a) Schematic comparison of the transfer characteristics be-
tween a TFET and MOSFET, illustrating the advantage of a steep-slope de-
vice that can maintain o high Lo, /Iof¢ ratio when scaling the supply voltage.
(b) Simulated band structure of a GaSb/InAs(Sb) heterojunction including
an exponentially graded Sb composition from 0.4 to 0.1 over 10nm at the
interface and reverse biased at Vgs = 0.3 V.

Read-Hall generation in the heavily doped source and drain regions.
For extremely scaled devices, direct tunneling will begin to dominate
the leakage, and the influence of defect-assisted tunneling will also in-
crease and be particularly severe to narrow band gap materials. Am-
bipolar conduction is another leakage path that may impair the OFF-
state performance of a TFET and is also particularly problematic in
devices with narrow band gap semiconductors.

5.2 Axial Esaki diodes

Although the ultimate goal is to attain TFETs that outperform Si
MOSFETs, emerging technologies are often evaluated with the sim-
pler Esaki diode first.?? A typical characteristic of an Esaki diode is a
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so-called negative differential resistance (NDR), which is a signature
of tunneling transport and is commonly used to evaluate planar epi-
taxial growth. A clear NDR region at room temperature is a sign of
high crystal quality and homogeneity at the tunnel junction. Paper
VI reports a peak current of 67kA/cm? at room temperature and a
maximum reverse current of 1750 kA /em?, which was the highest ob-
served at the time of publication. The GaSb/InAs nanowires were
grown by MOVPE, and to facilitate the growth, a short GaAs stem
was first grown followed by a GaSh segment. Lastly, an InAs segment
was grown on top of the GaSb, which also formed a thin parasitic
InAs around the GaSb segment. To confine the transport to the axial
GaSb/InAs heterojunction and avoid transport through the InAs shell,
the nanowires were annealed in Hy at 490 °C. This resulted in a thin-
ning of the nanowire at the heterojunction where the InAs shell was
selectively etched away to prevent any leakage along the shell.” The
nanowires were transferred to a prepatterned Si chip and processed as
described in Section 2.2.

The parasitic InAs(Sb) shell was utilized to aid in the contact for-
mation to GaSb. The excellent contact resistance was attributed to
the Fermi-level pinning of InAs and the broken band gap alignment of
the GaSb/InAs, which resulted in an ohmic contact behavior. In for-
ward bias, nominally undoped Esaki diodes presented an NDR, which
was found to be bias dependent. As the bias increased, the peak
voltage shifted slightly in the positive direction. The shift in peak
voltage is believed to originate from a trap-charging effect, with a de-
cay time of several minutes. The long decay time indicates an effect
of surface traps rather than deep traps, which are expected to have
a time constant on the order of nanoseconds.”* Esaki diodes with
some added Zn doping to the GaSb (Zn/Ga molar flow ratio=0.07)
display no hysteresis effect of high bias and an almost constant peak-
to-valley current ratio for a series of bias sweeps. Simulations indicate
that the introduction of Zn broadens the GaSb well and hence lifts
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the hole sub-band, which effectively increases the conduction—valence
band overlap, leading to an increase in the tunneling current in for-
ward bias. Temperature-dependent measurements reveal a weak de-
pendence on the reverse current, attributed to the small change in
band gap and band offset as well as the increased series resistance,
mainly in the GaSb.

To attain the performance required to be competitive compared to
Si, one approach includes better doping control to reduce access re-
sistance and control threshold voltage. To understand this in greater
detail, a series of GaSb/InAs nanowires were grown with varying dop-
ing profiles. In addition to nominally undoped nanowires and a low
Zn doping in the GaSb (Zn/Ga —0.07), two batches of nanowires were
grown with a high Zn flow (Zn/Ga=0.56) during the GaSbh segment
growth, and in the first batch, the InAs segment was nominally un-
doped, whereas for the second batch of nanowires, Se was introduced
into the InAs segment (Se/In=10.26). What is immediately clear in
Fig. 5.2 and Table 5.1 is the influence of the heavier Zn doping on
the peak and reverse currents. Furthermore, the incorporation of Se
in the InAs segment provides further significant improvement. The
peak voltage shifts to more positive values with increased Zn doping,
and this result agrees well with the expected Fermi-level movement.
Simulations of ideal GaSb/InAs diodes indicate that the reverse cur-
rent should only be marginally affected by the p-side doping level, and
thus the increase in reverse current is attributed to the reduction in
access resistance of the device. Additionally, Esaki diodes fabricated
from nanowires where the InAs is also doped display a further increase
in peak and reverse current by mainly reducing the access resistance
further.
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Figure 5.2: [;-Vys characteristics of GaSb/InAs(Sb) Esaki diodes with
various doping profiles. Simulations indicate that heavier p-doping should
only have a minor effect on the reverse current (types A0 — A2). Instead,
the increase in reverse current is atiributed to the lower access resistance.
The access resistance is further lowered by introducing Se into the InAs(Sb)

segment (type C).

Device type Zn/Ga

Dop/In

Jas at Vs =-0.5 V. Jpear

PGaSb

PInAs(Sb)

(MA /cm?) (kA/cm?)  (mQ-cm) (mQ-cm)
A0 0 0 0.55 8 40 34
Al 0.07 0 1.75 67 25 -
A2 0.52 0 2.2 94 7.1 -
B 0.26  0.31 (Zn) 0.16 ; ; 80
C 0.52 0.26 (Se) 3.6 420 7.3 0.67

Table 5.1: Summary of a few figures of merit for GaSb/InAs Esaki diodes
with various doping profiles.
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5.3 Axial TFETSs

Although the GaSb/InAs Esaki diodes display excellent current den-
sities, the ultimate goal is to attain TFETs with high drive currents
and steep-slopes. A TFET has more stringent device design consider-
ations such as an additional terminal and the introduction of an oxide
enabling electrostatic modulation at the tunneljunction. In favor of an
efficient gate action on the heterostructure, the Se-doped Esaki diode
is not suitable in a TFET application. For an n-type TFET, the
InAs(Sb) segment at the heterojunction should be undoped or com-
pensation doped to enable efficient gate action. For this reason, type
A2 nanowires solely with Zn/Ga = 0.56 and with no intentional doping
in the InAs segment were implemented in a TFET device design.

As a reference, devices were fabricated from GaSb/InAs nanowires
where the neck formation was omitted, i.e., a continuous ~5nm InAs
shell covered the entire nanowire. After the formation of a source
and a drain at either end of the nanowire, a gate was formed over
the axial GaSb/InAs(Sb) heterojunction. The dual channel path, one
through the n-type channel in the InAs shell and one through the
GaSb/InAs(Sb) heterojunction, was manifested as an ambipolar con-
duction through the device.%® At positive gate bias, electrons accu-
mulate in the InAs shell, enabling n-type conduction and a reduced
tunneling through the heterojunction at the core. In contrast, a neg-
ative bias depletes the InAs shell from electrons, and the majority of
the current is forced through the GaSb/InAs(Sb) heterojunction as
illustrated in Fig. 5.3a. These devices cannot be turned off.

Devices with a constriction at the heterojunction were evaluated.
Figure 5.3b illustrates the output characteristics of a device where
the gate has been placed on the InAs(Sb) segment by an underlap
of 35nm to the heterojunction. The maximum ON-current is calcu-
lated at 310 pA/pm, normalized to the periphery of the constriction,
and at Vys=0.5V. The 35nm underlap of the gate effectively forms
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Figure 5.3: FElectrical characteristics of various azial TFET device ge-
ometries and designs. (a) Ijs-Vys characteristics of an undoped device
where the formation of a neck at the heterojunction has been omitted
(d=65nm). (b) Output characteristics of a device with a Zn-doped GaSb
core (Zn/Ga=0.56) and an underlapping gate by 35 nm to the heterojunc-
tion. The diameter at the constriction is 35nm. (c¢) Same as (b) but with a
120 nm overlap of the gate and a diameter of 45 nm at the constriction.
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an nMOSFET in series with a broken gap tunnel junction, which by
default is open for conduction. This device design will suffer in the
OFF-state, allowing tunneling through the heterojunction. A max-
imum peak current density is observed at Jpeqr — 240 kA/ch, and
upon closer examination of the NDR region, the peak voltage remains
almost constant or moves to slightly higher V,, bias. Such properties
indicate that the underlapping gate still imposes some action on the
heterojunction.

Figure 5.3c illustrates the I;,- V4, characteristics of a TFET where
the gate has been placed over the constriction at the axial heterojunc-
tion. These devices promote improved OFF-state characteristics be-
cause of (i) the improved electrostatics of a narrower channel, in agree-
ment with prior work,®” i.e., the constriction at the GaSb/InAs(Sb)
heterojunction and (ii) the device design where the gate action is im-
posed on both the GaSb and InAs(Sb) segments. It is argued that,
although the GaSb is heavily p-doped, some movement of the bands
may still be possible; however, the gate action will mainly be imposed
on the bands of InAs(Sb). As a consequence, in the ON-state, the
tunneling path may be compromised as the bands of both the GaSh
and the InAs(Sb) will bend downward. The movement is expected to
be small for the GaSb, but it may deplete carriers near the junction.
In the OFF-state, the device should turn off more efficiently than the
underlapping device because here the band gap of GaSbh is available to
turn off the current. Figure 5.4 illustrates the more efficient turn-off
mechanism of an overlapping gate electrode design compared with an
underlapping design.

Intuitively an ideal gate electrode placement would be exactly at
the heterojunction or possibly a very small overlap onto the GaSbh
segment. Figure 5.5 illustrates the data for a TFET where the gate,
L,=290nm, has been placed exactly at the axial heterojunction in-
terface (~5nm overlap) and where the gate oxide has been scaled to
an equivalent oxide thickness of 1.3nm, i.e., equivalent to a corre-
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Figure 5.4: Comparison of the off -state characteristics of several

devices with gate electrodes (a) underlapping and (b) overlapping the
GaSb/InAs(Sb) heterojunction.
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sponding SiO, gate oxide. The maximum ON-current is normalized at
130 pA/pm for Vys=300mV. The SS decreases from 320mV /decade
at room temperature to 17mV /decade at 4.2 K and is similar to values
reported on other ITI-V TFETs.?! The temperature-dependent SS is
believed to originate from trap-assisted tunneling from a high D;, at
the semiconductor /high-x interface. An ambipolar device characteris-
tic is also evident in Fig. 5.5 a and b that originates from band-to-band
tunneling at the gate—drain junction relating to the narrow band gap of
InAs(Sb). Figure 5.5¢ illustrates an nearly temperature-independent
transconductance at Vgz=300mV and indicates that temperature-
dependent scattering mechanisms do not limit the ON-state of the
device.

The ON-state may be improved further by drawing on knowledge
from the Esaki diodes regarding doping profiles where incorporating
a dopant also on the n-side of the heterojunction yields substantial
improvement to the access resistance and current levels. A similar
approach to a TFET structure is expected to provide similar benefits.
However, the doping profile must be modified to accommodate a chan-
nel region directly at the heterojunction interface where efficient gate
action is imperative to achieve the desired functionality, i.e., an un-
doped InAs(Sb) segment directly after the GaSb followed by a heavily
n-doped segment.

A common approach to increasing the current levels and decreas-
ing the access resistance is to increase the doping in the source and
the in drain. In a TFET, there are several aspects to consider re-
garding source doping. A highly degenerate source will negate the
source filtering operation or cold-carrier injection of a TFET. On the
contrary, a lightly doped source is not desired either because of the
increase in access resistance and a reduced electric field at the tunnel
junction. It has been shown that heavily degenerate source doping
compensates the effect of cold-carrier injection by the strong increase
in electric field in the tunnel region.”® The influence of source dop-
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. Band L, SS
Ref. Material system alignment (pA/pm)  (mV/dec)
Paper V. GaSb/InAs(Sb) Broken 310 300
84 GaSh/InAs Broken 180 200
& GaAsg 5Sbos/Ing 53GagrAs  Staggered 60 ~200
7 InAs/Si Staggered 2.4 150
89 Si Homojunction 0.15 36
98 IHO_53G30'471‘\S Homojunction 24 ~200
86 Ing 55GagarAs Homojunction 5 58

Table 5.2: Benchmarking of experimental TFETs with varying band align-
ments. The general trend points toward high drive currents for broken band
gap TFETs and sub-60-mV /decade SS for homojunction TFETs.

ing on the output characteristics has also been shown to influence
strongly the saturation voltage such that lower doping levels in the
source are directly correlated to a delayed saturation.’® Most likely,
advanced band/materials engineering is required to achieve optimum
performance, perhaps by introducing a heavily é-doped pocket in the
source at the heterojunction. On the drain side, a low drain dop-
ing near the channel-drain junction may be suitable to minimize any
ambipolar behavior. The general trend in TFETs is that high oN-
currents are achieved in devices with broken band gap alignments,
whereas homojunctions operate below 60mV /decade, as indicated in
Table 5.2.

A higher-quality high-x/semiconductor interface would also im-
prove the ON-state by reduced surface scattering as well as the OFF-
state by providing improved electrostatics. A lower OFF-current may
be achieved by replacing the narrow band gap InAs(Sb) on the n-side
with a wider band gap semiconductor, e.g., InGaAs. It has been pro-
posed that a device without gate—drain overlap would reduce the am-
bipolar behavior without affecting I,,,.%° In the OFF-state, the reduced
inversion carrier concentration will also reduce the built-in electric field
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Figure 5.5: Temperature-dependent transfer characteristics and transcon-
ductance of a device where the gate has been aligned to the heterojunc-
tion (~5nm overlap) and with a scaled effective ozide thickness from 1.8
nm to 1.4 nm (a) Transfer characteristics at 50mV bias from 4.2K to
room temperature in increments of approzimately 50 K. The inset shows
the temperature-dependent SS. (b) Temperature-dependent Iys-Vys charac-
teristics and (c) transconductance at 300mV bias.

at the channel-drain junction and could be further improved by a low
drain doping near the channel-drain junction. This methodology has
been successfully implemented in the literature.!90:10

5.4 Radial Esaki diodes and TFETs

There is evidently much room for improvement regarding the axial
TFET device design; however, an axial device design may not be the
ideal architecture for a nanowire TFET. It is clear that nanowire de-
vices gain in drive current by scaling the cross-sectional area of the
channel at a fixed supply voltage. It is also possible to maintain a
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constant drive current by reducing the supply voltage while increasing
the nanowire diameter. Both approaches will suffer from deteriorated
electrostatics. Alternatively, the cross-sectional area of the nanowire
may be kept constant, and a boost in drive current can be achieved by
arranging nanowires in parallel arrays, preferably in a vertical device
architecture favoring the superior gate electrostatics of a GAA design.
This approach will, in the same way as the cross-sectional approach,
consume valuable chip area. For this reason, the use of a core—shell
nanowire where the heterojunction is engineered in the radial direc-
tion provides an attractive means of boosting the drive current without
compromising either chip area or device electrostatics.

The combination of axial and radial III-V heterostructures, i.e.,
along and perpendicular to the main axis of the nanowire, enables
the control of the current path through the nanowire without phys-
ical or electrostatic constrictions. Figure 5.6 illustrates the principle
of operation of a radial nanowire TFET. Here the nanowire segments
have been grown in a reverse order to the axial GaSb/InAs nanowires.
InAs/GaAs/GaSb 1.3pm /100nm /1pm segmented nanowires were
grown by MOVPE with diameters of 45-55nm. Because the growth
sequence began with an InAs segment and was finalized by a GaSh
segment, no parasitic InAs shell was available to form a radial InAs
heterojunction and electrically interconnect the top and bottom seg-
ments of the nanowire. Consequently, a 5-15nm InAs(Sb) shell was
grown around the nanowire. Two sets of nanowires were grown with
differing doping profiles in the GaSb core, one with Zn/Ga=0.21 and
another with Zn/Ga=0.39, and thus both were significantly lower
than their axial counterpart.

The design and processing of a radial device is notably more chal-
lenging than the more traditional lateral process for nanowire devices.
The upper section of the InAs(Sb) must be selectively etched away to
allow for contact formation directly to the GaSb core. High-precision
alignment is necessary for the source and drain electrodes, formed by
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Figure 5.6: (a) Schematic illustration of the principle of operation of a ra-
dial TFET. Carriers enter from the InAs and are blocked by the GaAs bar-
rier and constrained into the InAs(Sb) shell. From the shell, the carrier may
tunnel into the GaSb core, where they are swept out through the drain. The
gate (not shown) is placed such that it covers the radial GaSb/InAs hetero-
Junction and is mainly imposed on the radial heterojunction. (b) High-angle
annular darkfield image taken by a 1nm probe in scanning transmission
electron microscopy mode of the InAs/GaAs/GaSb heterostructure and (c)
a corresponding compositional line profile calculated from the XEDS spec-
trum image. (d-g) XEDS elemental maps recorded from the nanowire.
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EBL and thermal metal evaporation, because the gap between drain
and GaAs barrier should be as small as possible and, correspondingly,
the source electrode should be as close to the radial tunnel junction
as possible without a direct connection to the InAs(Sb) shell. Source
and drain formation is followed by an EBL step and high-x deposited
by ALD. Finally, a top gate is formed to enable efficient gate action
of the radial GaSb/InAs(Sb) heterojunction. Again, the precision of
the gate placement is crucial for efficient TFET operation, becausethe
aim is a slight overlap to the GaAs barrier segment.

The design of a radial tunnel junction requires an axial heterostruc-
ture barrier segment to suppress axial leakage between the InAs and
GaSb core segments, which would be substantial considering the na-
ture of the broken gap alignment of InAs and GaSb. The GaAs barrier
segment redirects the current into the InAs shell from which electrons
may tunnel radially into the GaSb core, on the other side of the bar-
rier. On the GaSb side, the InAs shell must be partially etched away
to allow for contact formation directly to the GaSb core, enabling ra-
dial core—shell tunneling. At this point, some devices were evaluated
as Esaki diodes, but by adding a high-x gate dielectric and a top gate
at the radial InAs(Sb)/GaSb heterojunction, the simpler Esaki diode
can be evolved into a TFET with expanded functionality.

The unique advantage of a radial device architecture is the smaller
footprint than that of an axial or planar device layout. An axial or pla-
nar device will have a direct correlation between gate length and occu-
pied chip area, whereas a radial vertical device architecture allows for
a longer gate without impacting the chip area. As a demonstration of
an increased current per unit chip area, two-terminal electrical data of
radial GaSb/InAs Esaki diodes was evaluated. Zn-doped Esaki diodes,
Zn/Ga=0.39, displayed current densities of Jyeqar = 2311kA /em? (Fig.
5.7a). The data is normalized to the largest cross-sectional area of
the nanowire, which would correspond to the occupied on-chip real-
estate. Normalizing the data to the active tunneling area (ATA) yields
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Figure 5.7: Electrical output characteristics of forward-biased radial Esaki
diodes and TFETs. (a) Ij5-Vgas characteristics of two radial Esaki diodes.
One has high doping in the GaSb core (Zn/Ga=0.39) and one has a lower
doping level (Zn/Ga = 0.21). The dual trace indicates two sweep directions.
(b) Radial TFET with high doping in the GaSb core. Vymae = 1V, AV,
=02V
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Jara =335 kA/ch. Keeping in mind that the best axial Esaki diodes
thus far were more heavily doped, Zn/Ga=0.56 and Se/In=0.26,
yield Jpear = 350kA /cm? and Jara = 420 kA /em?; the radial device ar-
chitecture displays clear evidence of current density per unit chip area
seven times higher, although at higher V),.,;. Axial Esaki diodes where
the doping of the n-side was omitted are limited at Jpeq, =40kA/ cm?
(Jara=94kA/cm?), and therefore further improvement is expected
by also introducing doping into the radial InAs(Sh) shell.

A radial device architecture implies a gate field parallel to the
tunneling direction, which has been shown to improve the tunneling
efficiency.84102103 Moreover, a radial design architecture has only a
single high-/semiconductor interface to optimize compared with two
in the axial case. In addition, the high-x interface is moved away from
the tunneling junction, which may further improve the performance
of radial TFETs as compared with their axial counterpart.*®

Figure 5.7b illustrates the electrical characteristics of a radial TFET
with high doping in the GaSb core (Zn/Ga=0.39) and L, =180 nm.
The peak current density Jpeqr = 1211kA/em? (Jara =258 kA /cm?)
again demonstrates the advantage over an axial GaSb/InAs TFET
(Zn/Ga=0.56) with Jyesr = 77kA/cm? (Jaza =240kA/cm?). Both
the radial Esaki diodes and the radial TFETs demonstrate clear NDR
regions at room temperature, which again elucidates the high crystal
quality at the interface and homogeneity at the junction.

The electrical characterization of radial TFETs with lower doping
in the GaSb core (Zn/Ga=0.21) and L, =80 nm is illustrated in Fig.
5.8a. We observe a high output conductance at high Vg, indicating a
transport limited by series resistance and/or a leakage path along the
underside of the device, which is a flaw inherent to the (2-gate device
design. Figure 5.8b illustrates the temperature-dependent transfer
characteristics at Vgs =50mV. The SS increases from 17 mV /decade
at 4.2K to 300mV /decade at room temperature, which is similar to
the axial devices. Moreover, the traces at 4.2 K and 55K display a
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Figure 5.8: Reverse-biased electrical characterization of radial TFETs with
lower doping in the GaSb core (Zn/Ga = 0.21) and Ly = 80 nm. (a) I4s-
Vis characteristics with Vgmaz = 1.5 V, AVy = 0.4 V. (b) Temperature-
dependent Ijs-Vys characteristics from 4.2 K to room temperature in approz-
imately 50 K increments. The traces at 4.2 K and 55 K display a distinct
change in transport mechanism compared with the remaining traces.



5.4. RADIAL ESAKI DIODES AND TFETS 67

a ] C E
20091=42Kk | | | 0.8 InAs Gasb
I oas [ 0.6
[
150 | 048 < 0.4
< 021-_ | 1 | 2L 021 ...
S100{ omTEA I & S oren
_8 : : ! Device 2 GC) 0.0 T+
"~ 50] Vo \ 0.2 _§§§E§§§§§§
‘ | :Device 1 -0.44 - %Qﬁé’fsigﬂfa"d
0 by -0.6 +—r—rrrrr
-1.0 -05 00 05 1.0 0.03 0.05 0.07

Vgs (V) Position (um)

Figure 5.9: (a) Forward-biased transfer characteristics at 50mV bias of
two devices with similar InAs shell thicknesses at T = 4.2 K. The steps in
the transfer characteristics are attributed to the bound states formed by the
confinement in the shell. (b) Same as (a) but for device 1 at T = 59.3 K.
(c), (d) Effective-mass simulations of the energy levels of (c) a 15nm wide
InAs quantum well. By scaling the InAs shell, it is possible to move the first
sub-band above the valence of GaSb, allowing for a device to be normally off
at 0V bias. The shell thickness may be used as a parameter to tune the
threshold voltage of the device.

categorical shift in transport mechanism compared with the traces
at higher temperatures. The issue of the OFF-state characteristics is
likely to be an artifact of the inherent drawback of an ()-gate device
design that does not wrap fully around the nanowire. An additional
leakage path is likely to occur through mid-gap states due to interface
states at the gate dielectric interface or crystal defects. It has been
demonstrated that even a single defect may deteriorate the S5 and
that the effect is more pronounced in TFETs than in MOSFETs. 195107

The confinement effects of a thin InAs shell offer unique properties
at low temperatures, as illustrated in Fig. 5.9. The transfer charac-
teristics at 4.2 K and 55 K display clear steps in the current at 50 mV
bias. Similar characteristics have been reported in other 2D-2D tun-
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neling systems.'%® Furthermore, the characteristics are not limited to
a single device but have been observed in devices with similar shell
thicknesses. This observation may be explained by two quantum-well
systems connected in series. Transmission electron microscopy shows
that the InAs shell surrounding the GaSb is approximately 15nm,
whereas the shell thickness is substantially thinner across the GaAs
segment and strained. This will induce two differing sets of quantiza-
tion levels in the connected quantum wells, where it is argued that the
quantum well surrounding the GaAs has a single bound state avail-
able for transport whereas the 15-nm-thick shell enclosing the GaSbh
core has three bound states. Effective-mass simulations are used to
determine the energy levels of the bound states as illustrated in Fig.
5.9 ¢ and d. The gate action is assumed to impose mainly on the
InAs shell surrounding the GaSh, i.e., the band bending in the GaSb
core is neglected, and can be used to access the three discrete bound
states. Simulations predict an energy spacing of Fy—FE; = 0.16eV and
E; — Ey = 0.27eV, i.e., a ratio of 1.7. Correspondingly, the gate bias
must increase from —0.31V to —0.07V (V12 = 0.24V) to reach the
second bound state. A leverage factor on the gate action imposed on
the quantum well is estimated to be 1.5 (V,19/E12 = 0.24/0.16).
The gate bias must be further increased by V2,3 = 0.42V to access
the third bound state of the 15-nm-thick InAs quantum well. The
experimental ratio between the peaks, Vj o_,5/V, 10 = 1.75, is recog-
nized to agree well with the simulated values.

It has been highlighted that the GaSb/InAs broken gap alignment
is open for conduction at 0V bias, which may not always be desirable.
The method of exploiting quantization effects to move the bound states
of the InAs is an elegant way to control the threshold voltage of a
TFET.



CHAPTER 0

A few last words. ..

Having spent a few years in academia, I would like to share a few
thoughts in this final chapter.

Many of us are required to produce results for a conference dead-
line or are faced with the notion that a rival group may publish on our
topic before we do, sometimes pressuring us into taking the easy op-
tion. The competition never sleeps, as the saying goes. Often, a quick
literature study may be conducted to find a suitable theory to explain
the experimental results we just plotted, in an attempt to add sub-
stance and credibility to our work. In truth, simulation environments
are often highly idealized and neglect many of the practical issues of
devices in the real world. I would therefore like to share some words
of of my own reflections taking a step back when a model or theory,
particularly someone else’s, agrees well with our experimental data.
It is often too easy to accept without question a model or theory if it
appears to support our results, which is why I urge more self-scrutiny
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Figure 6.1: The SS properties of a 283nm InAs MOSFET compared to
a 55nm GaSb/InAs TFET with similar high-x deposition. The similarity
indicates that we are probing not the intrinsic device properties, which should
by definition be fundamentally different, but rather the high-r gate dielectric.
There is always the possibility of pure coincidence.

among researchers. Does this model really apply to my problem? What
simplifications has the theory assumed? The resources of academia are
often limited and do not produce results in such quantities that they
may be assumed to be statistically significant, and hence there is al-
ways a danger when drawing generalized conclusions from a small set
of data.

As an example, you may remember from Chapter 5 that the SS
of the axial and radial GaSb/InAs TFETSs showed strong similarities.
This begs the question: Are we really probing the intrinsic properties of
our device? Digging through some old data, I put together Fig. 6.1.
It is remarkable to compare the SS of an InAs nanowire MOSFET
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of another diameter to that of a GaSb/InAs nanowire TFET. The
matching S could, of course, be a coincidence, but it may also indicate
that the subthreshold characteristic is mainly probing the high-x/III-
V semiconductor interface rather than the intrinsic properties of the
device.

The exceptional fit of the modeled band-structure of the InAs shell
on the GaSbh core, for the radial TFETSs, to the steps in the transfer
characteristics was difficult to accept at first but was found to be the
most plausible explanation. Models usually have a myriad of param-
eters to tune to achieve the best fit to the data. The VS model is
lighter on input parameters, but researchers may still be deceived if
they lack experience and confidence in the input parameters. Because
our laboratory does not have the facilities to measure the capacitance
on single nanowires, the parameter extraction through VS modeling
becomes uncertain as we begin to speculate about C,,,. Figure 6.2
illustrates the fits for two different assumed Cj;,,,. Although the fitting
appears to be similar, there is a large disparity in piay, and VSyeiocity-
To be able to trust the extracted values, the number of unknown pa-
rameters should be kept at a minimum, preferably not exceeding one.
This often requires reference devices to measure parameters, such as
long-channel mobilities.'*

Although there is still much that we do not understand, some
truly spectacular physics and amazing device technologies are being
researched today, and I am confident that we are only just beginning
our technological journey. I remain unconvinced that any one tran-
sistor technology will be the mainstream replacement for Si anytime
soon, but there are a few viable candidates. I do believe that many
of the technologies suffer from similar issues, although they attempt
to distinguish themselves from each other as much as possible. Let us
take MOSFETs vs. TFETs as an example. TFETs do indeed appear
promising for low-power applications as steep-slope switches and may
give the industry a few more years of leeway in continuing Moore’s
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Figure 6.2: VS modeling of 15-nm-diameter InAs nanowire MOSFETs. %9
(a) An assumed inversion capacitance of 0.25uF/cm? results in papp —
1900 cm?/V-s and VSuelocity = 3-2% 107 ¢cm/s. (b) Corresponding modeling
for an inversion capacitance of 0.50 uF/cm? results in Happ = 1000 em?/V-s
and VSyelocity = 1.5% 107 em/s. This illustrates the necessity of additional
measurements that can provide supporting information to validate the mod-
eling. Because our laboratory is not equipped to measure the capacitance of
single nanowires, the extracted mobilities and injection velocities must be
viewed with some skepticism.
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law. They are, however, still barrier-controlled devices, which means
that when we shrink the gate length sufficiently far, we will have the
“same” source—drain tunneling leakage as we would in a MOSFET.
Maybe we need to think far outside the box when considering future
transistor technologies?

As of late, the Higgs boson has gained much attention, and per-
haps it would be possible to locally control the Higgs field to control
the mass of the carriers. Such a transistor could effectively increase
the electron mass just at the beginning of the channel, which would re-
duce the tunneling probability in the OFF-state of an extremely scaled
transistor and lower the effective mass for the ON-state, i.e., the field
manipulation would work in unison with the gate. This idea may not
be possible to realize in practice, but there are several other approaches
being explored for future electronics. Must a transistor operate by the
motion of charge? A few examples where other physical properties
are manipulated or exploited include: electron spin in spintronics,'!!
electron wave quantum number in valleytronics,''? magnetic cellular
automata,'?® quantum computing,!'* and microelectromechanical sys-
tems. 15

I would like to go out on a limb and state that the most valuable
contribution to the field of III-V devices at the moment would be
a method of managing a perfect gate dielectric on a III-V surface.
This key issue would not only allow for high-performance devices but
would also facilitate the analysis of many devices. Some work has
demonstrated this, but the methodology is a closely guarded secret.?®

In terms of MOSFETS, access resistance is a crucial parameter
and must be addressed for high-performance devices. In a vertical
nanowire device geometry, this means either heavily doped source
and drain regions or more sophisticated methods such as controlled
overgrowth. Naturally, short spacers, i.e., ungated segments, and ex-
tremely scaled gate lengths are desirable to achieve maximum per-
formance. Despite this, there is actually more to gain by addressing
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the issue of parasitics in the device layout. To date, little research
has been undertaken on the optimization of vertical nanowire archi-
tectures, particularly 3D circuit designs.

Regarding a full ITI-V CMOS technology, there are still few reports
in the literature on viable solutions. N-type III-V devices have dis-
played excellent performance figures, whereas the p-type devices have
been falling behind. Arguing in terms of bulk mobilities, there is a
huge disparity between the best n-type binary III-Vs and the p-type
counterparts. Technological tricks can be used when attempting to
match the n-type and p-type networks, but the gap may be too large
to enable the combination of binary III-Vs. There is a notion that, as
the dimensions of the devices shrink, the transistors will approach to
the ballistic regime where the mobility may no longer be the limiting
performance metric.

Although successful high-x integration has been demonstrated on
n-type I1I-Vs, the question is whether the same methodology could be
applied to, for example, GaSb. It may not be absolutely necessary
to fabricate the gate dielectric for both n- and p-type simultaneously,
but it would be a preferred solution. Possibly, n- and p-type may be
fabricated from the same III-V material system, which may facilitate
the high-x integration.”

What about TFETs? TFETs are beginning to show impressive
figures of merit and may realize the requirements for low-power de-
vices, probably with moderate performance, but I remain doubtful
as to whether TFETs are the solution to the problem of replacing the
high-performance Si line. Ultimately, TFETs will suffer from the same
scaling drawbacks as a MOSFET because of their principle of opera-
tion, but they may buy industry a few more golden years of Moore’s
law.

At a conference this summer, there were some discussions regarding
which technology would be the next-generation replacement for Si,
and the consensus appeared to be that transistors today are already
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extremely good but that there is a disconnect on the application front.
Many fields remain uncharted with respect to transistor applications,
and one comment at the conference went something like, “If we can
find novel applications for the transistors we have today, we don’t have
to worry about transistor performance. As long as we don’t tell the
general public what goes into the devices, they would be none the
wiser.” At this time I think it is too early to decide which technology
will be the winner. Only time will tell.
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APPENDIX A

Appendix
A.1 The Virtual-Source Model
The current in a MOSFET, I, is given by
Las =W - Qn(Vgs, Vas) - (v(0)) (A1)

where W is the width of the device, @), is the inversion layer charge,
and (v(0)) is the velocity at the beginning of the channel. After some
algebraic exercise, where we input the drift velocity as .- Vays/L, the
equation for the current in the linear or triode regime, i.e., Vi, < Vg,
results in

w
[ds,lin = f *Meff Cim} . (‘/gs - V;ﬁ) : Vds (AQ)

where .75 is the effective mobility, and the inversion capacitance Cj,,
relates to the semiconductor inversion capacitance Cgs(inv) and the

77



78 CHAPTER A. Appendiz

oxide capacitance C,, as

Coaz : Cs,inv

Cinv = =  ~
Coaz + Cs,inv

(A.3)
Correspondingly, the equation describing the current in the satu-
rated regime is

[ds,sat =W- Cim) . (‘/gs - V:f) * Usat (A4)

where (v(0)) has been replaced by the saturation velocity vgq.

To transform the simplistic piecewise model into a more compre-
hensive model and achieve a smooth transition between the triode and
saturation regions of the transistor, the VS model introduces an em-
pirical function called the saturation function Fi,;, which is defined

as
‘/ds /‘/sat

[+ (Vas/Vear)?)]V/?

where (3 is a fitting parameter, which is usually approximately 1.8 for
nFETs. The complete VS I;,- Vy, characteristics are thus given by

Fsat<vds) =

(A.5)

Igs =W - Qn(‘/g& Vd8> ) Fsat(‘/ds) " Usat (AG)

A.1.1 Landauer approach

To describe nanoscale devices on a more fundamental level, we may
apply a Landauer—Biittiker approach to analyze the transport on the
nanoscale.!'® The current can be described by

2

[ds h

T(EYM(E)(fs — fa)dE (A7)

where ¢ is the elementary charge, h is Planck’s constant, T'(E) is the
transmission, M (F) is the number of conducting modes, and f, and
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fq are the equilibrium Fermi distributions at the source and drain
reservoirs, respectively. The number of modes is given by M(FE) =

gUW—VQm;(f_EC). We begin by evaluating the current at the beginning
of the channel and under low V,, bias. If we also assume ballistic
transport and Maxwell-Boltzmann statistics, we may apply a Taylor

expansion series to the Fermi distributions and write the current as

2¢> o 7 2m*(E — E,
Listin = 5 (/ g WY (h )_fo dE) Vs (A.8)
m

h kgT

c

which after integration turns into

v

Lo — __r A.
ds,lin WQ(V;]sy Vds) Q(k'BT/Q) ‘/ds ( 9)
where vr is the unidirectional thermal velocity
2kpgT F_
vr = ) L Fapeleie) (A.10)

Tm* .Fo(ﬂp)

where F are Fermi-Dirac integrals. Corresponding calculations for
high Vy, yield
Ids,sat - WQ(‘/QS7 ‘/ds)UT (A]-l)

The above derivations were performed under the assumption of ballis-
tic transport; however, Si MOSFETSs usually operate at approximately
50% of the ballistic limit whereas I1I-V MOSFETs operate close to
the ballistic limit. This is addressed by a simple fractional expression
that relates the transmission coefficient to the mean free path and the
length of the device. These resulting equations from the VS model are
in fact similar to the traditional drift—diffusion equations with a few
minor modifications such as the introduction of a so-called ballistic
mobility.!'" To more clearly see the similarity between the equations
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produced by the Landauer approach and the traditional equations, a
few more steps are required. If we relate the mobility and mean free
path A\ to the diffusion coefficient by the Einstein relation, we may

write
UT)\

off = ——— A12
Hesf = SET g (A.12)
If we insert Equation A.12 into Equation A.9, we obtain
w
]ds,lin = fﬂapp@(‘/;]sa Vds)vds (Al?))
and Matthiessen’s rule gives the apparent mobility jia,, as
1 1 1
+— (A.14)

Happ N Heff KB

The apparent mobility ft4p,, also known as the measured mobility of
a short-channel MOSFET, will be limited by the effective mobility
tefs or the ballistic mobility pp, depending on which is lower. The
effective mobility p.rs is the average mobility in the inversion layer
and is generally lower than the bulk mobility u,, because of effects such
as scattering from surface roughness. In an extremely scaled device,
the ballistic mobility begins to influence the apparent mobility. The
ballistic mobility is given by

vrL ]'11/2(77F)

~ 2k5T)q Folnr) (19

KB

Assuming Maxwell-Boltzmann statistics, the ballistic mobility is lin-
early dependent on the channel length. Comparing Equation A.13
to the more traditional Equation A.2, we note a striking resemblance
and can conclude that the Landauer approach yields the same type of
equations describing the current through a barrier-controlled device.
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Finally, in saturation, if we replace the transmission coefficient with
an injection velocity v;,;, we may write the current as

[ds sat — WQ( gs» V;ls)'Umj (A16)

where the injection velocity is a reciprocal addition of vy and the
average velocity at which electrons diffuse across the bottleneck region
at the top of the barrier at high V;,. Again, the slowest mechanism
will limit the entire transport.

A.2 Tunneling probability

The tunneling through a barrier from the conduction band, at position
a, to the valence band, at position b, can be approximated by a tri-
angular potential and the tunneling probability for a uniform electric
field can be calculated using the Wentzel-Kramers-Brillouin approxi-
mation

Tywis ~ exp [—2 / ’ ]k(x)\dx} (A.17)

Assuming a triangular potential barrier illustrated in Fig. A.l, the
wave vector k(x) can be written as

VE

Z9 qu) (A.18)

Inserting the FE-k relationship of the wave vector in a triangular
barrier into equation A.17 and solving the equation with the boundary
condition V — E=E, (x =a) and V — E =0 (x = b) yields

A2 EY 2)

3qh(A¢ + Ey) (A-19)

Twkp ~ exp (
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Figure A.1: A triangular barrier approximation
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where A¢ is the energy window over which tunneling can occur and
A is the tunneling barrier width.

The triangular barrier is a simplified description of the tunneling bar-
rier. Instead, a parabolic barrier is better suited to describe the wave
vector inside the barrier i.e.” 118

k(z) = 2;;* <79)E_ B k(z) =

g

2m* (%)2 — (¢€x)?
h? E

g

(A.20)

which inserted into equation A.17 yields

bl om 5 — ?E2x?
Twkp ~ exp —2/ 4 dx

h2

=exp |— \/WES/Q 1( /1 — y2)dy] (A.21)

L 2\/5(]715 -1 y=2q€x/Eq
vm* WE;’/ 2
=erp| ———=———
b 2V 2qhE

Comparing the resulting equation for the tunneling probability
through a parabolic barrier to a triangular barrier, the equations are
similar with the exception of an offset in the numerical constants in
the exponential expression by approximately a factor of 0.6. Hence
the general conclusions drawn from the simpler triangular barrier in
chapter 5 are still valid.



84

CHAPTER A. Appendiz




Bibliography

1]

2]

131

4]

D. Frank, “Power-constrained CMOS scaling limits,” IBM Jour-
nal of Research and Development, vol. 46, no. 2.3, pp. 235-244,
2002.

E. Pop, “Energy dissipation and transport in nanoscale devices,”
Nano Research, vol. 3, no. 3, pp. 147-169, 2010.

D. Frank, “Power-constrained device and technology design for
the end of scaling,” IEEE International Electron Devices Meeting
(IEDM), pp. 643-646, 2002.

G. Dewey, R. Kotlyar, R. Pillarisetty, M. Radosavljevic, T. Rak-
shit, H. Then, and R. Chau, “Logic performance evaluation and
transport, physics of Schottky-gate II1-V compound semiconduc-
tor quantum well field effect transistors for power supply volt-
ages (Veoo) ranging from 0.5 V to 1.0 V,” IEEE International
Electron Devices Meeting (IEDM), pp. 1-4, 2009.

85



86

BIBLIOGRAPHY

5]

[6]

7]

18]

19]

[10]

[11]

[12]

“loffe Physico-Technical Institute, Semiconductors on NSM,”
http://www.ioffe.rssi.ru/SVA /NSM/Semicond/, Accessed:
2013-08-10.

Z. Yuan, A. Nainani, A. Kumar, X. Guan, B. Bennett, J. B.
Boos, M. Ancona, and K. Saraswat, “InGaSb: Single channel
solution for realizing I1I-V CMOS,” Symposium on VLSI Tech-
nology (VLSIT), pp. 185-186, 2012.

D.-H. Kim and J. del Alamo, “30-nm InAs PHEMTs With fr =
644GHz and f,.. = 681GHz,” Electron Device Letters, IEEFE,
vol. 31, no. 8, pp. 806-808, 2010.

M. Yazawa, M. Koguchi, and K. Hiruma, “Heteroepitaxial ul-
trafine wire-like growth of InAs on GaAs substrates,” Applied
Physics Letters, vol. 58, no. 10, pp. 1080-1082, 1991.

F. M. Ross, “Nanowires: Bringing order to twin-plane defects,”
Nature Nanotechnology, vol. 4, no. 1, pp. 17-18, 2009.

P. Caroff, J. B. Wagner, K. A. Dick, H. A. Nilsson, M. Jepps-
son, K. Deppert, L. Samuelson, L. R. Wallenberg, and L.-E.
Wernersson, “High-Quality InAs/InSb Nanowire Heterostruc-
tures Grown by Metal-Organic Vapor-Phase Epitaxy,” Small,
vol. 4, no. 7, 2008.

M. T. Bjork, B. J. Ohlsson, T. Sass, A. I. Persson, C. The-
lander, M. H. Magnusson, K. Deppert, L. R. Wallenberg, and
L. Samuelson, “One-dimensional Steeplechase for Electrons Re-
alized,” Nano Letters, vol. 2, no. 2, pp. 87-89, 2002.

E. Gnani, S. Reggiani, M. Rudan, and G. Baccarani, “On the
Electrostatics of Double-Gate and Cylindrical Nanowire MOS-

FETSs,” Journal of Computational Electronics, vol. 4, no. 1-2, pp.
71-74, 2005.



BIBLIOGRAPHY 87

[13]

[14]

[15]

[16]

[17]

18]

[19]

L.-E. Wernersson, C. Thelander, E. Lind, and L. Samuelson,
“III-V Nanowires: Extending a Narrowing Road,” Proceedings
of the IEEE, vol. 98, no. 12, pp. 2047-2060, 2010.

C. Thelander, L. FrobergFroberg, C. Rehnstedt, L. Samuel-
son, and L.-E. Wernersson, “Vertical Enhancement-Mode InAs
Nanowire Field-Effect Transistor With 50-nm Wrap Gate,” Elec-
tron Deuvice Letters, IEEE, vol. 29, no. 3, pp. 206-208, 2008.

T. Bryllert, L. Samuelson, L. Jensen, and L.-E. Wernersson,
“Vertical high mobility wrap-gated inas nanowire transistor,”
63rd Device Research Conference Digest (DRC), vol. 1, pp. 157
158, 2005.

C. Thelander, C. Rehnstedt, L. Froberg, E. Lind, T. Martens-
son, P. Caroff, T. Lowgren, B. Ohlsson, L. Samuelson, and L.-
E. Wernersson, “Development of a Vertical Wrap-Gated InAs
FET,” IEEE Transactions on Electron Devices, vol. 55, no. 11,
pp. 3030-3036, 2008.

H. Nilsson, M. T. Deng, P. Caroff, C. Thelander, I.. Samuelson,
L.-E. Wernersson, and H. Xu, “Insb nanowire field-effect tran-
sistors and quantum-dot devices,” Selected Topics in Quantum
Electronics, IEEE Journal of, vol. 17, no. 4, pp. 907-914, 2011.

H. A. Nilsson, O. Karlstrom, M. Larsson, P. Caroff, J. N. Peder-
sen, L.. Samuelson, A. Wacker, L..-E.. Wernersson, and H. Q. Xu,
“Correlation-Induced Conductance Suppression at Level Degen-
eracy in a Quantum Dot,” Phys. Rev. Lett., vol. 104, p. 186804,
2010.

H. A. Nilsson, T. Duty, S. Abay, C. Wilson, J. B. Wagner,
C. Thelander, P. Delsing, and L. Samuelson, “A Radio Frequency



88

BIBLIOGRAPHY

20]

21

[22]

23]

[24]

[25]

Single-Electron Transistor Based on an InAs/InP Heterostruc-
ture Nanowire,” Nano Letters, vol. 8, no. 3, pp. 872-875, 2008.

E. Lind, M. Persson, Y.-M. Niquet, and L.-E. Wernersson,
“Band Structure Effects on the Scaling Properties of [111] InAs
Nanowire MOSFETSs,” IEEE Transactions on Electron Devices,
vol. 56, no. 2, pp. 201-205, 2009.

K. Hillerich, M. E. Messing, L.. R. Wallenberg, K. Deppert, and
K. A. Dick, “Epitaxial InP nanowire growth from Cu seed par-
ticles,” Journal of Crystal Growth, vol. 315, no. 1, pp. 134-137,
2011.

S. Roddaro, P. Caroff, G. Biasiol, F. Rossi, C. Bocchi, K. Nils-
son, L. Froberg, J. B. Wagner, L. Samuelson, L.-E. Wernersson,
and L. Sorba, “Growth of vertical InAs nanowires on heterostruc-
tured substrates,” Nanotechnology, vol. 20, no. 28, p. 285303,
2009.

J.-P. Ahl, H. Behmenburg, C. Giesen, I. Regolin, W. Prost, F. J.
Tegude, G. Z. Radnoczi, B. PATcz, H. Kalisch, R. H. Jansen, and
M. Heuken, “Gold catalyst initiated growth of GaN nanowires
by MOCVD,” Physica Status Solidi (¢), vol. 8, no. 7-8, 2011.

N. Wang, Y. Cai, and R. Zhang, “Growth of nanowires,” Mate-
rials Science and Engineering: R: Reports, vol. 60, no. 1-6, pp.
1-51, 2008.

T. Martensson, J. Wagner, E. Hilner, A. Mikkelsen, C. The-
lander, J. Stangl, B. Ohlsson, A. Gustafsson, E. Lundgren,
L. Samuelson, and W. Seifert, “Epitaxial Growth of Indium
Arsenide Nanowires on Silicon Using Nucleation Templates
Formed by Self-Assembled Organic Coatings,” Advanced Mate-
rials, vol. 19, no. 14, pp. 1801-1806, 2007.



BIBLIOGRAPHY 89

[26]

27]

28]

[29]

30]

31

32]

K. Tomioka, J. Motohisa, S. Hara, and T. Fukui, “Control of
InAs Nanowire Growth Directions on Si,” Nano Letters, vol. 8,
no. 10, pp. 3475-3480, 2008.

K. Tomioka, M. Yoshimura, and T. Fukui, “A TII-V nanowire
channel on silicon for high-performance vertical transistors,” Na-
ture, vol. 488, no. 7410, pp. 189-192, 2012.

C. Thelander, K. A. Dick, M. T. Borgstrém, L. E. Froberg,
P. Caroff, H. A. Nilsson, and L. Samuelson, “The electrical
and structural properties of n-type InAs nanowires grown from

metal-organic precursors,” Nanotechnology, vol. 21, no. 20, p.
205703, 2010.

M. T. Bjork, B. J. Ohlsson, T. Sass, A. I. Persson, C. The-
lander, M. H. Magnusson, K. Deppert, L. R. Wallenberg, and
L. Samuelson, “One-dimensional Steeplechase for Electrons Re-
alized,” Nano Letters, vol. 2, no. 2, pp. 87-89, 2002.

M. W. Larsson, J. B. Wagner, M. Wallin, P. Hakansson, L. E.
Froberg, L. Samuelson, and L. R. Wallenberg, “Strain mapping
in free-standing heterostructured wurtzite InAs/InP nanowires,”
Nanotechnology, vol. 18, no. 1, p. 015504, 2007.

R. Timm, M. Hjort, A. Fian, C. Thelander, E. Lind, J. Ander-
sen, L.-E. Wernersson, and A. Mikkelsen, “Interface composition
of atomic layer deposited HfO5 and AlyOs thin films on InAs
studied by X-ray photoemission spectroscopy,” Microelectronic
Engineering, vol. 88, no. 7, pp. 1091-1094, 2011.

M. Milojevic, F. S. Aguirre-Tostado, C. L. Hinkle, H. C. Kim,
E. M. Vogel, J. Kim, and R. M. Wallace, “Half-cycle atomic
layer deposition reaction studies of AlyO3 on IngGaggAs (100)



90

BIBLIOGRAPHY

[33]

[34]

[35]

[36]

[37]

surfaces,” Applied Physics Letters, vol. 93, no. 20, p. 202902,
2008.

M. J. Biercuk, D. J. Monsma, C. M. Marcus, J. S. Becker, and
R. G. Gordon, “Low-temperature atomic-layer-deposition lift-
off method for microelectronic and nanoelectronic applications,”
Applied Physics Letters, vol. 83, no. 12, pp. 2405-2407, 2003.

C. Dupre, A. Hubert, S. Becu, M. Jublot, V. Maffini-Alvaro,
C. Vizioz, F. Aussenac, C. Arvet, S. Barnola, J.-M. Hartmann,
G. Garnier, F. Allain, J. P. Colonna, M. Rivoire, L. Baud,
S. Pauliac, V. Loup, T. Chevolleau, P. Rivallin, B. Guillau-
mot, G. Ghibaudo, O. Faynot, T. Ernst, and S. Deleonibus,
“15nm-diameter 3D stacked nanowires with independent gates
operation: ¢FET,)” IEEE International Electron Devices Meet-
ing (IEDM), pp. 1-4, 2008.

H. Lee, L. eun Yu, S.-W. Ryu, J.-W. Han, K. Jeon, D.-Y. Jang,
K.-H. Kim, J. Lee, J.-H. Kim, S. C. Jeon, G. S. Lee, J.-S. Oh,
Y. C. Park, W.-H. Bae, H. M. Lee, J.-M. Yang, J. J. Yoo, S. L.
Kim, and Y.-K. Choi, “Sub-5nm All-Around Gate FinFET for
Ultimate Scaling,” Symposium on VLSI Technology (VLSIT),
pp. 58-59, 2006.

N. Singh, A. Agarwal, L. Bera, T. Y. Liow, R. Yang, S. Rustagi,
C. H. Tung, R. Kumar, G.-Q. Lo, N. Balasubramanian, and
D. L. Kwong, “High-performance fully depleted silicon nanowire
(diameter < 5 nm) gate-all-around CMOS devices,” Electron
Deuwice Letters, IEEE, vol. 27, no. 5, pp. 383-386, 2006.

D.-H. Kim, B. Brar, and J. A. del Alamo, “fr = 688 GHz
and f,., = 800 GHz in L, = 40 nm Ing,GagsAs MHEMTs

with g, maz=2.7 mS/pm,” IEEE International Electron Devices
Meeting (IEDM), pp. 13.6.1-13.6.4, 2011.



BIBLIOGRAPHY 91

38

[39]

[40]

[41]

42]

[43]

M. Radosavljevic, B. Chu-Kung, S. Corcoran, G. Dewey, M. K.
Hudait, J. M. Fastenau, J. Kavalieros, W. K. Liu, D. Lubyshev,
M. Metz, K. Millard, N. Mukherjee, W. Rachmady, U. Shah, and
R. Chau, “Advanced high-K gate dielectric for high-performance
short-channel Ing;GagsAs quantum well field effect transistors
on silicon substrate for low power logic applications,” IFEE In-
ternational Electron Devices Meeting (IEDM), pp. 1-4, 2009.

M. Egard, L. Ohlsson, M. Arlelid, K. M. Persson, B. M. Borg,
F. Lenrick, R. Wallenberg, E. Lind, and L. E. Wernersson,
“High-Frequency Performance of Self-Aligned Gate-Last Sur-
face Channel Ing 53Gag7As MOSFET,” Electron Device Letters,
IEFEE, vol. 33, no. 3, pp. 369-371, 2012.

J. A. del Alamo, “Nanometre-scale electronics with IT1I-V com-
pound semiconductors,” Nature, vol. 479, no. 7373, pp. 317-323,
2011.

H. Ko, K. Takei, R. Kapadia, S. Chuang, H. Fang, P. W. Leu,
K. Ganapathi, E. Plis, H. S. Kim, S.-Y. Chen, M. Madsen, A. C.
Ford, Y.-L. Chueh, S. Krishna, S. Salahuddin, and A. Javey,
“Ultrathin compound semiconductor on insulator layers for high-

performance nanoscale transistors,” Nature, vol. 468, no. 7321,
pp. 286289, 2010.

K. Kuhn, U. Avci, A. Cappellani, M. Giles, M. Haverty, S. Kim,
R. Kotlyar, S. Manipatruni, D. Nikonov, C. Pawashe, M. Ra-
dosavljevic, R. Rios, S. Shankar, R. Vedula, R. Chau, and
I. Young, “The ultimate CMOS device and beyond,” IEEE In-
ternational Electron Devices Meeting (IEDM), pp. 8.1.1-8.1.4,
2012.

C.-H. Jan, U. Bhattacharya, R. Brain, S.-J. Choi, G. Curello,
G. Gupta, W. Hafez, M. Jang, M. Kang, K. Komeyli, T. Leo,



92

BIBLIOGRAPHY

[44]

[45]

|46]

47]

48]

[49]

N. Nidhi, L. Pan, J. Park, K. Phoa, A. Rahman, C. Staus,
H. Tashiro, C. Tsai, P. Vandervoorn, L. Yang, J.-Y. Yeh, and
P. Bai, “A 22nm SoC platform technology featuring 3-D tri-
gate and high-k /metal gate, optimized for ultra low power, high
performance and high density SoC applications,” IEEE Interna-
tional Electron Devices Meeting (IEDM), pp. 3.1.1-3.1.4, 2012.

S. Sze, Semiconductor Devices - Physics and Technology. Wiley,
2002.

A. Khakifirooz, O. Nayfeh, and D. Antoniadis, “A Simple
Semiempirical Short-Channel MOSFET Current-Voltage Model
Continuous Across All Regions of Operation and Employing

Only Physical Parameters,” IEEE Transactions on Electron De-
vices, vol. 56, no. 8, pp. 1674-1680, 2009.

L. Wei, O. Mysore, and D. Antoniadis, “Virtual-Source-Based
Self-Consistent Current and Charge FET Models: From Bal-
listic to Drift-Diffusion Velocity-Saturation Operation,” IEEFE

Transactions on Electron Devices, vol. 59, no. 5, pp. 1263-1271,
2012.

D. Frank, S. Laux, and M. Fischetti, “Monte Carlo simulation
of a 30 nm dual-gate MOSFET: How short can Si go?” IEEE
International Electron Devices Meeting (IEDM), pp. 553-556,
1992.

M. Lundstrom and Z. Ren, “Essential physics of carrier trans-
port in nanoscale MOSFETSs,” IEEE Transactions on Electron
Deuwices, vol. 49, no. 1, pp. 133-141, 2002.

D. H. Kim, J. del Alamo, D. Antoniadis, and B. Brar, “Ex-
traction of virtual-source injection velocity in sub-100 nm III-V



BIBLIOGRAPHY 93

[50]

[51]

[52]

53]

[54]

[55]

[56]

HFETs,” IEEFE International Electron Devices Meeting (IEDM),
pp- 1-4, 2009.

R. Chau, S. Datta, M. Doczy, B. Doyle, B. Jin, J. Kavalieros,
A. Majumdar, M. Metz, and M. Radosavljevic, “Benchmark-
ing nanotechnology for high-performance and low-power logic
transistor applications,” IEEE Transactions on Nanotechnology,
vol. 4, no. 2, pp. 153—-158, 2005.

W. Liu, Fundamentals of III-V Devices. John Wiley & Sons,
1999.

R. Dennard, F. Gaensslen, V. Rideout, E. Bassous, and
A. LeBlanc, “Design of ion-implanted MOSFET’s with very
small physical dimensions,” Journal of Solid-State Clircuits,
vol. 9, no. 5, pp. 256268, 1974.

S. Lee, B. Jagannathan, S. Narasimha, A. Chou, N. Zamdmer,
J. Johnson, R. Williams, L. Wagner, J. Kim, J. O. Plouchart,
J. Pekarik, S. Springer, and G. Freeman, “Record RF perfor-
mance of 45-nm SOI CMOS Technology,” IEEE International
Electron Devices Meeting, pp. 255258, 2007.

K. Jansson, E. Lind, and L.-E. Wernersson, “Performance Eval-
uation of III-V Nanowire Transistors,” IEFEE Transactions on
Electron Devices, vol. 59, no. 9, pp. 23752382, 2012.

B. Yu, L. (Dennis) Wang, Y. Yuan, P. Asbeck, and Y. Taur,
“Scaling of Nanowire Transistors,” IEEE Transactions on Elec-
tron Devices, vol. 55, no. 11, pp. 2846-2858, 2008.

C. Auth and J. D. Plummer, “Scaling theory for cylindrical,
fully-depleted, surrounding-gate MOSFET’s,” FElectron Device
Letters, IEEFE, vol. 18, no. 2, pp. 74-76, 1997.



94

BIBLIOGRAPHY

[57]

58]

[59]

[60]

[61]

62]

|63]

A. C. Ford, J. C. Ho, Y.-L. Chueh, Y.-C. Tseng, Z. Fan, J. Guo,
J. Bokor, and A. Javey, “Diameter-Dependent Electron Mobility
of InAs Nanowires,” Nano Letters, vol. 9, no. 1, pp. 360-365,
2009.

D. B. Suyatin, C. Thelander, M. T. Bjork, I. Maximov, and
L. Samuelson, “Sulfur passivation for ohmic contact formation

to InAs nanowires,” Nanotechnology, vol. 18, no. 10, p. 105307,
2007.

J. Wu, E. Lind, R. Timm, M. Hjort, A. Mikkelsen, and L.-E.
Wernersson, “Al,O3/InAs metal-oxide-semiconductor capacitors
on (100) and (111)B substrates,” Applied Physics Letters, vol.
100, no. 13, p. 132905, 2012.

J. J. Gu, A. T. Neal, and P. D. Ye, “Effects of (NHy)sS
passivation on the off-state performance of 3-dimensional In-
GaAs metal-oxide-semiconductor field-effect transistors,” Ap-
plied Physics Letters, vol. 99, no. 15, p. 152113, 2011.

X. Jiang, Q. Xiong, S. Nam, F. Qian, Y. Li, and C. M. Lieber,
“InAs/InP Radial Nanowire Heterostructures as High Electron
Mobility Devices,” Nano Letters, vol. 7, no. 10, pp. 3214-3218,
2007.

K. Takei, S. Chuang, H. Fang, R. Kapadia, C.-H. Liu, J. Nah,
H. S. Kim, E. Plis, S. Krishna, Y.-L. Chueh, and A. Javey,
“Benchmarking the performance of ultrathin body InAs-on-
insulator transistors as a function of body thickness,” Applied
Physics Letters, vol. 99, no. 10, p. 103507, 2011.

A. Majumdar, S. Bangsaruntip, G. Cohen, L. Gignac, M. Guil-
lorn, M. Frank, J. Sleight, and D. Antoniadis, “Room-
temperature carrier transport in high-performance short-channel



BIBLIOGRAPHY 95

[64]

[65]

[66]

67]

[68]

[69]

Silicon nanowire MOSFETSs,” IEEE International Electron De-
vices Meeting (IEDM), pp. 8.3.1-8.3.4, 2012.

K. Takei, M. Madsen, H. Fang, R. Kapadia, S. Chuang, H. S.
Kim, C.-H. Liu, E. Plis, J. Nah, S. Krishna, Y.-L. Chueh, J. Guo,
and A. Javey, “Nanoscale InGaSb Heterostructure Membranes
on Si Substrates for High Hole Mobility Transistors,” Nano Let-
ters, vol. 12, no. 4, pp. 2060-2066, 2012.

J. Nah, H. Fang, C. Wang, K. Takei, M. H. Lee, E. Plis,
S. Krishna, and A. Javey, “III-V Complementary Metal-Oxide
Semiconductor Electronics on Silicon Substrates,” Nano Letters,
vol. 12, no. 7, pp. 3592-3595, 2012.

H. Ko, K. Takei, R. Kapadia, S. Chuang, P. W. Fang, Hui
amd Leu, K. Ganapathi, E. Plis, H. S. Kim, S.-Y. Chen, M. Mad-
sen, A. C. Ford, Y.-L. Chueh, S. Krishna, S. Salahuddin, and
A. Javey, “Ultrathin compound semiconductor on insulator lay-

ers for high-performance nanoscale transistors,” Nature, vol. 468,
no. 7321, p. 2860289, 2010.

P. Caroff, M. E. Messing, B. M. Borg, K. A. Dick, K. Dep-
pert, and L.-E. Wernersson, “InSb heterostructure nanowires:
MOVPE growth under extreme lattice mismatch,” Nanotech-
nology, vol. 20, no. 49, p. 495606, 2009.

S. Johansson, M. Egard, S. Ghalamestani, B. Borg, M. Berg,
L. E. Wernersson, and E. Lind, “RF Characterization of Verti-
cal InAs Nanowire Wrap-Gate Transistors Integrated on Si Sub-
strates,” IEEE Transactions on Microwave Theory and Tech-
niques, vol. 59, no. 10, pp. 27332738, 2011.

B. Ganjipour, M. Ek, B. M. Borg, K. A. Dick, M.-E. Pistol,
L.-E. Wernersson, and C. Thelander, “Carrier control and trans-



96

BIBLIOGRAPHY

[70]

[71]

[72]

73]

[74]

[75]

port modulation in GaSb/InAsSb core/shell nanowires,” Applied
Physics Letters, vol. 101, no. 10, p. 103501, 2012.

M. Xu, R. Wang, and P. Ye, “GaSb Inversion-Mode PMOSFETs
With Atomic-Layer-Deposited Al;O3 as Gate Dielectric,” FElec-
tron Deuvice Letters, IEEE, vol. 32, no. 7, pp. 883-885, 2011.

A. Nainani, T. Irisawa, Z. Yuan, B. Bennett, J. Boos, Y. Nishi,
and K. Saraswat, “Optimization of the Al,O3/GaSb Interface
and a High-Mobility GaSb pMOSFET,” IEEE Transactions on
Electron Devices, vol. 58, no. 10, pp. 3407-3415, 2011.

J. Nah, H. Fang, C. Wang, K. Takei, M. H. Lee, E. Plis,
S. Krishna, and A. Javey, “III-V Complementary Metal-Oxide-
Semiconductor Electronics on Silicon Substrates,” Nano Letters,
vol. 12, no. 7, pp. 3592-3595, 2012.

G. Hellings, L. Witters, R. Krom, J. Mitard, A. Hikavyy, R. Loo,
A. Schulze, G. Eneman, C. Kerner, J. Franco, T. Chiarella,
S. Takeoka, J. Tseng, W. e Wang, W. Vandervorst, P. Ab-
sil, S. Biesemans, M. Heyns, K. De Meyer, M. Meuris, and
T. Hoffmann, “Implant-Free SiGe Quantum Well pFET: A novel,
highly scalable and low thermal budget device, featuring raised
source/drain and high-mobility channel,” IEEE International
FElectron Devices Meeting (IEDM), pp. 10.4.1-10.4.4, 2010.

K.-T. Lam, Y.-C. Yeo, and G. Liang, “Performance comparison
of III-V MOSFETs with source filter for electron energy,” IEEE
International Electron Devices Meeting (IEDM), pp. 17.6.1-
17.6.4, 2012.

S. Sze, Physics of semiconductor devices. John Wiley & Sons,
Inc, 1981.



BIBLIOGRAPHY 97

[76]

7]

78

[79]

[80]

[81]

82]

A. M. Ionescu and H. Riel, “Tunnel field-effect transistors as
energy-efficient electronic switches,” Nature, vol. 479, no. 7373,
pp- 329-337, 2011.

B. M. Borg and L.-E. Wernersson, “Synthesis and properties
of antimonide nanowires,” Nanotechnology, vol. 24, no. 20, p.
202001, 2013.

J. Appenzeller, Y.-M. Lin, J. Knoch, and P. Avouris, “Band-to-
Band Tunneling in Carbon Nanotube Field-Effect Transistors,”
Phys. Rev. Lett., vol. 93, p. 196805, 2004.

D. Mohata, R. Bijesh, S. Mujumdar, C. Eaton, R. Engel-
Herbert, T. Mayer, V. Narayanan, J. Fastenau, D. Loubychev,
A. K. Liu, and S. Datta, “Demonstration of MOSFET-like on-
current performance in arsenide/antimonide tunnel FETs with
staggered hetero-junctions for 300mV logic applications,” IEEE
International Electron Devices Meeting (IEDM), pp. 33.5.1—-
33.5.4, 2011.

H. Zhao, Y. Chen, Y. Wang, F. Zhou, F. Xue, and J. Lee, “In-
GaAs Tunneling Field-Effect-Transistors With Atomic-Layer-
Deposited Gate Oxides,” IFEEE Transactions on Electron De-
vices, vol. b8, no. 9, pp. 2990-2995, 2011.

Y. Zhu, N. Jain, D. K. Mohata, S. Datta, D. Lubyshev, J. M.
Fastenau, A. K. Liu, and M. K. Hudait, “Structural properties
and band offset determination of p-channel mixed As/Sb type-
IT staggered gap tunnel field-effect transistor structure,” Applied
Physics Letters, vol. 101, no. 11, p. 112106, 2012.

D. Mohata, B. Rajamohanan, T. Mayer, M. Hudait, J. Faste-
nau, D. Lubyshev, A. Liu, and S. Datta, “Barrier-Engineered



98

BIBLIOGRAPHY

[83]

[84]

[85]

[36]

187]

Arsenide-Antimonide Heterojunction Tunnel FETs With En-
hanced Drive Current,” FElectron Device Letters, IEEE, vol. 33,
no. 11, pp. 1568-1570, 2012.

L. Rui, L. Yeqing, Z. Guangle, L. Qingmin, C. Soo Doo,
T. Vasen, H. Wan Sik, Z. Qin, P. Fay, T. Kosel, M. Wistey,
X. Huili, and A. Seabaugh, “AlGaSb/InAs Tunnel Field-Effect
Transistor With On-Current of 78 um/um at 0.5 V,” Electron
Device Letters, IEEE, vol. 33, no. 3, pp. 363-365, 2012.

Z. Guangle, R. Li, T. Vasen, M. Qi, S. Chae, Y. Lu, Q. Zhang,
H. Zhu, J. M. Kuo, T. Kosel, M. Wistey, P. Fay, A. Seabaugh,
and X. Huili, “Novel gate-recessed vertical InAs/GaSb TFETs
with record high Iox of 180 pym/um at Vpg = 0.5 V,” IEEFE In-
ternational Electron Devices Meeting (IEDM), pp. 32.6.1-32.6.4,
2012.

Y. Zhu and M. K. Hudait, “Low-power tunnel field effect transis-
tors using mixed As and Sb based heterostructures,” Nanotech-
nology Reviews, vol. 0, no. 0, pp. 1-43, 2013.

G. Dewey, B. Chu-Kung, J. Boardman, J. M. Fastenau, J. Kava-
lieros, R. Kotlyar, W. K. Liu, D. Lubyshev, M. Metz, N. Mukher-
jee, P. Oakey, R. Pillarisetty, M. Radosavljevic, H. W. Then,
and R. Chau, “Fabrication, characterization, and physics of TII-
V heterojunction tunneling Field Effect Transistors (H-TFET)
for steep sub-threshold swing,” IEEE International Electron De-
vices Meeting (IEDM), pp. 33.6.1-33.6.4, 2011.

K. Tomioka, M. Yoshimura, and T. Fukui, “Steep-slope tunnel
field-effect transistors using IT1I-V nanowire/Si heterojunction,”
Symposium on VLSI Technology (VLSIT), pp. 47-48, 2012.



BIBLIOGRAPHY 99

83

[89]

[90]

[91]

92]

193]

[94]

F. Mayer, C. Le Royer, J. F. Damlencourt, K. Romanjek, F. An-
drieu, C. Tabone, B. Previtali, and S. Deleonibus, “Impact of
SOI, Si;_,Ge,OI and GeOI substrates on CMOS compatible
Tunnel FET performance,” IEEFE International Electron Devices
Meeting (IEDM), pp. 1-5, 2008.

Q. Huang, R. Huang, Z. Zhan, Y. Qiu, W. Jiang, C. Wu, and
Y. Wang, “A novel Si tunnel FET with 36mV /dec subthresh-
old slope based on junction depleted-modulation through striped

gate configuration,” IEEFE International Electron Devices Meet-
ing (IEDM), pp. 8.5.1-8.5.4, 2012.

A. C. Seabaugh and Q. Zhang, “Low-Voltage Tunnel Transis-
tors for Beyond CMOS Logic,” Proceedings of the IEEE, vol. 98,
no. 12, pp. 2095-2110, 2010.

S. Mookerjea, D. Mohata, T. Mayer, V. Narayanan, and
S. Datta, “Temperature-Dependent I—V characteristics of a
Vertical Ings3Gags7As Tunnel FET,” FElectron Device Letters,
IEEFE, vol. 31, no. 6, pp. 564-566, 2010.

L. Esaki, “New Phenomenon in Narrow Germanium p —n Junc-
tions,” Phys. Rewv., vol. 109, pp. 603-604, 1958.

B. M. Borg, M. Ek, K. A. Dick, B. Ganjipour, A. W. Dey,
C. Thelander, and L.-E. Wernersson, “Diameter reduction of
nanowire tunnel heterojunctions using in situ annealing,” Ap-
plied Physics Letters, vol. 99, no. 20, pp. 203 101-3, 2011.

“Measurement of tunnel diode capacitance vs. voltage by switch-
ing techniques,” Solid-State Electronics, vol. 7, no. 10, pp. 733~
738, 1964.



100

BIBLIOGRAPHY

[95]

196]

197]

198

[99]

[100]

[101]

S. Sylvia, M. Khayer, K. Alam, and R. Lake, “Doping, tunnel
barriers, and cold carriers in inas and insb nanowire tunnel tran-

sistors,” IEEE Transactions on Electron Devices, vol. 59, no. 11,
pp. 2996-3001, 2012.

B. Rajamohanan, D. Mohata, A. Ali, and S. Datta, “Insight into
the output characteristics of III-V tunneling field effect transis-
tors,” Applied Physics Letters, vol. 102, no. 9, p. 092105, 2013.

H. Riel, K. Moselund, C. Bessire, M. Bjork, A. Schenk,
H. Ghoneim, and H. Schmid, “InAs-Si heterojunction nanowire
tunnel diodes and tunnel FETs,” IEEE International Electron
Devices Meeting (IEDM), pp. 16.6.1-16.6.4, 2012.

S. Mookerjea, D. Mohata, R. Krishnan, J. Singh, A. Vallett,
A. Ali, T. Mayer, V. Narayanan, D. Schlom, A. Liu, and
S. Datta, “Experimental demonstration of 100nm channel length
Ing 53Gag 47 As-based vertical inter-band tunnel field effect tran-
sistors (TFETs) for ultra low-power logic and SRAM applica-
tions,” IEEFE International Electron Devices Meeting (IEDM),
pp- 1-3, 2009.

A. S. Verhulst, W. G. Vandenberghe, K. Maex, and G. Groe-
seneken, “Tunnel field-effect transistor without gate-drain over-
lap,” Applied Physics Letters, vol. 91, no. 5, p. 053102, 2007.

T. Krishnamohan, D. Kim, S. Raghunathan, and K. Saraswat,
“Double-Gate Strained-Ge Heterostructure Tunneling FET
(TFET) With record high drive currents and < 60mV/dec sub-
threshold slope,” IEEE International Electron Devices Meeting
(IEDM), pp. 1-3, 2008.

M. Schmidt, R. A. Minamisawa, S. Richter, A. Schafer, D. Buca,
J. M. Hartmann, Q.-T. Zhao, and S. Mantl, “Unipolar behavior



BIBLIOGRAPHY 101

[102]

[103]

[104]

[105]

[106]

[107]

of asymmetrically doped strained Si[sub 0.5]Ge[sub 0.5] tunnel-
ing field-effect transistors,” Applied Physics Letters, vol. 101,
no. 12, p. 123501, 2012.

Z. Qin, 7. Wei, and A. Seabaugh, “Low-subthreshold-swing tun-
nel transistors,” Electron Deuvice Letters, IEEE, vol. 27, no. 4,
pp. 297-300, 2006.

L. Yeqing, Z. Guangle, L. Rui, L. Qingmin, Z. Qin, T. Vasen,
C. Soo Doo, T. Kosel, M. Wistey, X. Huili, A. Seabaugh, and
P. Fay, “Performance of AlGaSb/InAs TFETs With Gate Elec-
tric Field and Tunneling Direction Aligned,” Electron Device
Letters, IEEFE, vol. 33, no. 5, pp. 655-657, 2012.

C. D. Bessire, M. T. Bjork, H. Schmid, A. Schenk, K. B. Reuter,
and H. Riel, “Trap-Assisted Tunneling in Si-InAs Nanowire Het-

erojunction Tunnel Diodes,” Nano Letters, vol. 11, no. 10, pp.
4195-4199, 2011.

M. G. Pala, D. Esseni, and F. Conzatti, “Impact of interface
traps on the IV curves of InAs Tunnel-FETs and MOSFETs: A
full quantum study,” IEEE International Electron Devices Meet-
ing (IEDM), pp. 6.6.1-6.6.4, 2012.

M. Pala and D. Esseni, “Interface Traps in InAs Nanowire
Tunnel-FETs and MOSFETs - Part I Model Description and
Single Trap Analysis in Tunnel-FETs,” IEEFE Transactions on
Electron Deuvices, vol. 60, no. 9, pp. 2795-2801, 2013.

D. Esseni and M. Pala, “Interface Traps in InAs Nanowire Tun-
nel FETs and MOSFETs - Part II: Comparative Analysis and
Trap-Induced Variability,” IEFEE Transactions on FElectron De-
vices, vol. 60, no. 9, pp. 28022807, 2013.



102

BIBLIOGRAPHY

[108]

109

[110]

[111]

[112]

[113]

114)

[115]

J. Smoliner, “Tunnelling spectroscopy of low-dimensional
states,” Semiconductor Science and Technology, vol. 11, no. 1,
pp- 1-16, 1996.

X. Sun, X. Wang, Y. Sun, and M. Lundstrom, “MIT Virtual-
Source Tool,” 2012.

T.-W. Kim, D. Kim, D.-H. Koh, R. Hill, R. Lee, M. Wong,
T. Cunningham, J. del Alamo, S. Banerjee, S. Oktyabrsky,
A. Greene, Y. Ohsawa, Y. Trickett, G. Nakamura, Q. Li, K. Lau,
C. Hobbs, P. Kirsch, and R. Jammy, “ETB-QW InAs MOS-
FET with scaled body for improved electrostatics,” IEEE Inter-
national Electron Devices Meeting (IEDM), pp. 32.3.1-32.3.4,
2012.

S. Salahuddin, “Solid-state physics: A new spin on spintronics,”
Nature, vol. 494, no. 7435, pp. 43-44, 2013.

J. Isberg, M. Gabrysch, J. Hammersberg, S. Majdi, K. K. Kovi,
and D. J. Twitchen, “Generation, transport and detection of
valley-polarized electrons in diamond,” Nature Materials, vol. 12,
no. 8, pp. 760-764, 2013.

S. Bhanja and J. Pulecio, “A review of magnetic cellular au-
tomata systems,” IEEE International Symposium on Clircuits
and Systems (ISCAS), pp. 2373-2376, 2011.

T. D. Ladd, F. Jelezko, R. Laflamme, Y. Nakamura, C. Monroe,
and J. L. O’Brien, “Quantum computers,” Nature, vol. 464, no.
7285, pp. 45-53, 2010.

S. Lucyszyn, “Review of radio frequency microelectromechani-
cal systems technology,” IEEFE Proceedings on Science, Measure-
ment and Technology, vol. 151, no. 2, pp. 93-103, 2004.



BIBLIOGRAPHY 103

[116] M. Biittiker, “Absence of backscattering in the quantum Hall
effect in multiprobe conductors,” Phys. Rev. B, vol. 38, pp. 9375—
9389, 1988.

[117] M. Shur, “Low ballistic mobility in submicron HEMTs,” Electron
Device Letters, IEEE, vol. 23, no. 9, pp. 511-513, 2002.

[118] R. Yang, M. Sweeny, D. Day, and J. Xu, “Interband tunneling in
heterostructure tunnel diodes,” IEEE Transactions on Electron
Dewices, vol. 38, no. 3, pp. 442-446, 1991.



