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Abstract

Transistors are the fundamental elements in Integrated Circuits (IC). The development of
transistors significantly improves the circuit performance. Numerous technology innovations
have been adopted to maintain the continuous scaling down of transistors. With all these
innovations and efforts, the transistor size is approaching the natural limitations of materials
in the near future. The circuits are expected to compute in a more efficient way. From this
perspective, new device concepts are desirable to exploit additional functionality. On the
other hand, with the continuously increased device density on the chips, reducing the power
consumption has become a key concern in IC design.

To overcome the limitations of Complementary Metal-Oxide-Semiconductor (CMOS) tech-
nology in computing efficiency and power reduction, this thesis introduces the multiple-
independent-gate Field-Effect Transistors (FETs) with silicon nanowires and FinFET structures.
The device not only has the capability of polarity control, but also provides dual-threshold-
voltage and steep-subthreshold-slope operations for power reduction in circuit design.

By independently modulating the Schottky junctions between metallic source/drain and
semiconductor channel, the dual-threshold-voltage characteristics with controllable polarity
are achieved in a single device. This property is demonstrated in both experiments and simu-
lations. Thanks to the compact implementation of logic functions, circuit-level benchmarking
shows promising performance with a configurable dual-threshold-voltage physical design,
which is suitable for low-power applications.

This thesis also experimentally demonstrates the steep-subthreshold-slope operation in the
multiple-independent-gate FETs. Based on a positive feedback induced by weak impact
ionization, the measured characteristics of the device achieve a steep subthreshold slope
of 6 mV/dec over 5 decades of current. High I,/ I ratio and low leakage current are also
simultaneously obtained with a good reliability. Based on a physical analysis of the device
operation, feasible improvements are suggested to further enhance the performance.

A physics-based surface potential and drain current model is also derived for the polarity-
controllable Silicon Nanowire FETs (SINWFETs). By solving the carrier transport at Schottky
junctions and in the channel, the core model captures the operation with independent gate
control. It can serve as the core framework for developing a complete compact model by
integrating advanced physical effects.
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Abstract

To summarize, multiple-independent-gate SINWFETs and FinFETs are extensively studied
in terms of fabrication, modeling, and simulation. The proposed device concept expands
the family of polarity-controllable FETs. In addition to the enhanced logic functionality,
the polarity-controllable SINWFETs and FinFETs with the dual-threshold-voltage and steep-
subthreshold-slope operation can be promising candidates for future IC design towards
low-power applications.

Keywords: Gate-all-around, nanowire, FInFET, Schottky barrier, polarity control, multi-
threshold-voltage, steep subthreshold slope, fabrication, simulation, compact modeling,
logic design, tunneling, impact ionization, feedback, leakage, low power
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Résumé

Les transistors sont les éléments fondamentaux des circuits intégrés (IC). Le développement
des transistors améliore significativement la performance du circuit. De nombreuses innova-
tions technologiques ont été adoptées pour maintenir la réduction continue des dimensions
des transistors. Grace a ces innovations, la taille des transistors approchera les limites natu-
relles des matériaux dans un proche avenir. Par ailleurs, les circuits doivent calculer d’'une
maniere plus efficace. Dans cette perspective, de nouveaux concepts de dispositifs sont sou-
haitables pour disposer de fonctionnalités supplémentaires. D’autre part, avec I'augmentation
de la densité des puces, la réduction de la consommation d’énergie est devenue une préoccu-
pation majeure dans la conception IC.

Pour surmonter les limites de la technologie CMOS en termes d’efficacité de calcul et de
réduction de la puissance, cette these présente des transistors a effet de champ (FET) a
multiples grilles indépendantes utilisant des nanofils de silicium et des structures FinFET.
Le dispositif a non seulement la capacité de contrdler sa polarité, mais offre également des
propriétés de double tension de seuil ou de forte pente sous le seuil afin de permettre réduction
de la puissance des circuits.

En modulant indépendamment les barriéres Schottky entre les contacts métalliques de source
ou de drain et le canal semi-conducteur, des propriétés de double tension de seuil et de
polarité contrdlable sont atteintes en un seul et méme transistor. Cette propriété est démontrée
expérimentalement et par simulation. Grace a la réalisation compacte de fonctions logiques,
notre analyse au niveau du circuit montre des performances prometteuses pour la conception
de circuits a double tension de seuil configurable et son intérét pour des applications de faible
puissance.

Cette these démontre également expérimentalement le fonctionnement a pente sous le seuil
raide dans des FETs a grilles multiples indépendantes. Basées sur une rétroaction positive
induite par une ionisation par impact faible, les caractéristiques mesurées des transistors
atteignent une pente sous le seuil raide de 6 mV/dec sur plus de 5 décades de courant. Un
fort rapport Iy, / Iog et un faible courant de fuite sont également simultanément obtenus avec
une bonne fiabilité. Basées sur une analyse physique du fonctionnement du dispositif, de
possibles améliorations sont suggérées pour améliorer encore la performance.

Un modeéle compact physique du potentiel de surface et du courant de drain est également
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Résumé

dérivé pour les transistors a nanofils de silicium (SINWFETSs) a polarité controlable. En dérivant
le transport de porteurs de charge au niveau des jonctions de Schottky et dans le canal, le
modeéle capture le fonctionnement des grilles de commande indépendantes. Ce modele peut
servir de base pour I'élaboration d'un modéle compact plus complet intégrant des effets
physiques avancés.

Pour résumer, les SINWFETSs et FinFETs a grilles indépendantes multiples sont largement
étudiés en termes de fabrication, modélisation et simulation. Le concept de dispositif proposé
élargit la famille de FET a polarité contrdlable. En plus de disposer de fonctions logiques
améliorées, les SINWFETs et FInFET a polarité contrélable possédent une double tension de
seuil et un fonctionnement en pente sous le seuil raide et peuvent ainsi étre des candidats
prometteurs pour la conception des circuits intégrés du futur pour des applications de faible
puissance.

Mots-clés : grilles enrobantes, nanofil, FinFET, barriere de Schottky, controle de la polarité,
tensions de seuil multiples, pente sous seuil raide, fabrication, simulation, modélisation
compacte, conception logique, effet tunnel, ionisation par impact, rétroaction, fuites, faible
puissance
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|§ Introduction

The first electronic general-purpose computer ENIAC was born in 1946 [1]. Since then, people
have been keen on pursuing smaller but more powerful computers. After the invention of
semiconductor devices and integrated circuits, there has been a fast development of comput-
ers for more than half a century [2-5]. Fig. 1.1 illustrates the development of computers from
ENIAC to Personal Computer, and the recent Compute Stick. Thanks to the greatly enhanced
computing capability of integrated circuits with a deeply scaled feature size, the whole system
of computation, control, and memory perfectly fits in a small stick [6].

(b)

Figure 1.1: Development of computers, (a) ENIAC (part), (year 1946), (b) Apple-I1I, (year 1977),
(c) Intel Compute Stick, (year 2015).

With such a speedy development, not only computers, but also consumer products containing
semiconductor devices and integrated circuits have arrived at almost every corner of human
society. They are changing every part of people’s life.

This revolution greatly relies on the scaling down of transistors, which are the fundamental
elements of integrated circuits [7]. The benefits from the scaling down of transistors was
described by the famous "Moore’s law" proposed by Gordon E. Moore in 1965 [8]. Generally,
the scaling down of transistor size dramatically increases the device density on chips, and



Chapter 1. Introduction

decreases the relative cost, at an exponential pace.

Driven by the benefits from downscaling, there is the need to maintain this trend, which is
referred to as "More Moore". On the other hand, with the progress in both process technol-
ogy and design, the capability of non-digital technologies is significantly enhanced. This
brings the migration of non-digital components, such as analog circuits and sensors, into the
package. Thus, the highly integrated systems can efficiently interact with people and environ-
ment. The so-called "More-than-Moore" trend is characterized by functional diversification
of semiconductor-based devices. As shown in Fig. 1.2, the dual trend of "More Moore" and
"More-than-Moore" summarizes the combined need for digital and non-digital functionalities
in an integrated system [9].

More-than-Moore: Diversification

Analog Passives Power Sensors Biochips ...

90 >
nm
s Non-digital:
=8 65nm Interacting with people
N Oo,,) and environment
= 45nm b,;?.
_"(:3' //79.
é 32 nm /7'{'9/7@
)
By, l/e/(/
8 22 nm e
o 0 _.q
=2 14nm Digital:
o Information Processing
s}
E \J

Beyond CMOS

Figure 1.2: The combined need for digital and non-digital functionalities in an integrated sys-
tem is translated as a dual trend in the International Technology Roadmap for Semiconductors
(ITRS): miniaturization of the digital functions ("More Moore") and functional diversification
("More-than-Moore") [9]

The technologies to maintain the trend of "More Moore" are introduced in Sec. 1.1. Then, Sec.
1.2 introduces the current limitations of CMOS technology on computing efficiency and power
reduction. Sec. 1.3 discusses the global objectives of this thesis to overcome these limitations
with the proposed device concept. Sec. 1.4 summarizes the contributions of the thesis. Finally,
Sec. 1.5 gives the organization of this thesis at the end of this chapter.
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1.1. Technologies Towards "More Moore"

1.1 Technologies Towards "More Moore"

This section introduces the innovations in CMOS technology for continuous miniaturization,
and beyond-CMOS technologies expected to keep the trend of "More Moore" when CMOS
devices approach the material limit.

1.1.1 Innovations in CMOS Technology

Numerous key technology innovations have been adopted in CMOS technology to keep the
device performance while scaling down:

1. Strained Silicon:

In CMOS technology, faster velocity of carriers (electrons and holes) can provide a
higher current in Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs), which
consequently improves the performance of circuits. At low electric field, the drift ve-
locity is proportional to the electric field strength, and the proportionality constant is
defined as mobility of the carriers [10]. Therefore, increasing the mobility can boost the
performance of CMOS circuits.

Study shows that by applying appropriate tensile or compressive stress to the channel,
the energy band structure can be slightly tuned, resulting in the enhancement of the

NMOS PMOS
High
Stress —
Film

SiN cap layer SiGe source-drain
Tensile channel strain Compressive channel strain

Figure 1.3: Strained silicon technology for enhancing the carrier mobility. Tensile strain in
the NMOS channel is created by adding a high-stress layer that wrapped around the tran-
sistor, while compressive strain in PMOS channel is created by replacing the conventional
source/drain region with strained SiGe [11]
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mobility of carriers [12]. Fig. 1.3 shows the technology to achieve strained silicon
channel in both N-type Metal-Oxide-Semiconductor (NMOS) and P-type Metal-Oxide-
Semiconductor (PMOS) [11]. The technology of strained silicon has been introduced
since the technology node of 90 nm, which increases the saturated currents by 10%~20%
and mobility by >50% [13].

2. High-x Gate Oxide:

Si0O, has served as gate insulator since the advent of MOS devices. As the scaling down of
MOSFETs, the SiO; layer became thiner and thiner to maintain the electrostatic control
over the channel. Unfortunately, the leakage current through the thin layer of SiO, also
increased with decreased SiO» thickness [14].

In order to continue the scaling down without sacrificing the leakage power, oxide
materials with higher dielectric constant (x) have been introduced since the technology
node of 45 nm [15]. The high-x materials such as HfO, provide sufficient electrostatic
control (i.e., sufficiently small equivalent SiO, thickness) while having a much thicker
physical thickness, which efficiently prevents the gate leakage.

3. Metal Gate:

Polycrystalline silicon was used as the gate material for the easy integration with CMOS
technology. In the meantime, the polysilicon gate also suffers from a high gate resistance
and a depletion effect [16]. The depleted region in polysilicon behaves as an additional
gate oxide, thus increasing the oxide thickness and reducing the electrostatic control
[17].

Since the technology node of 45 nm, metal gates have replaced polysilicon gates to
reduce the gate resistance and eliminate the depletion effect [15]. Moreover, the metal
gates further enhance the benefits from the high-x dielectric by reducing the mobility
degradation caused by the phonon scattering [18]. Fig. 1.4 shows the conceptual sketch
and Transmission Electron Microscopy (TEM) image of high-«k dielectric and metal gate
stack [15].

Metal Gate

(different for NMOS & PMOS)

Metal gate

High-k oxide

Silicon Substrate

(b)

Figure 1.4: (a) High-x material and metal gate replace SiO, and polysilicon gate, (b) Trans-
mission Electron Microscopy (TEM) image of hafnium-based high-« dielectric and metal gate
stack [15].
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4. FinFET Structure:

When coming to the technology node of 22 nm, the planar bulk structure of MOSFETs
cannot provide sufficient electrostatic control over such a short channel (Fig. 1.5(a)).
Short Channel Effects (SCE) and Drain-Induced-Barrier-Lowering (DIBL) can severely
degrade the device performance with such a short channel in a planar bulk structure
[19,20].

In order to maintain the continuous downscaling, different device structures are investi-
gated, including Partially-Depleted (PD) Silicon-On-Insulator (SOI), Fully-Depleted (FD)
SOI, Ultra Thin Body and Buried Oxide FD SOI (UTBB-FD SOI), FinFET (Fig. 1.5(b)), and
gate-all-around nanowires (Fig. 1.5(c)), etc. [21-33]. Yan et al. and Colinge studied a
"natural length" A in different device structures to characterize their scalability [34, 35].
Smaller A indicates a better electrostatic control with a short channel. The study shows
that A = /(gsi/€0x/ N) tox tsi, where N = 1,2, 4 for single-gate SOI, double-gate SOI (Fin-
FET), and quadruple-gate (gate-all-around) structures, respectively. Therefore, FinFET
has a smaller A compared to single-gate structure with the same gate oxide (gox, fox)
and silicon film (&g, %). FINFET is consequently introduced in products at the 22 nm
node [36]. The FinFET structure significantly improves the electrostatic control, and
enables the continuous scaling down to the present 14 nm technology node [37].

A further improvement on the MOSFET structure will be silicon nanowires that exploiting a
Gate-All-Around (GAA) structure, which is illustrated in Fig. 1.5(c) [31-33]. As discussed in [35],
gate-all-around structure features a even smaller A as compared to FinFET. Therefore, the GAA
SiNWFETs can provide the ultimate electrostatic control with the MOS structure [38, 39].

Lg

Gate drain

“

source
(a) Planar MOSFET (b) FinFET (c) Silicon Nanowire FET

Figure 1.5: Evolution of MOSFET structures from planar MOSFET to FinFET and silicon
nanowire FET.

Besides the evolution on MOSFET structures, channel materials with high carrier mobility
(e.g., germanium, III-V materials) or intrinsic One-Dimensional (1-D) / Two-Dimensional
(2-D) structure (e.g., carbon nanotube, graphene, MoS,) have also been explored to extend
the CMOS scaling down [40-44]. Still based on the field effects, they are referred to as "CMOS
extension".
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1.1.2 Beyond-CMOS Technologies

With all these innovations and efforts in CMOS technology, the transistor size is approaching
the natural limitations of materials in the near future [45,46]. Moreover, the switching energy
of silicon FET is also fairly close to a fundamental limit of switching energy of a binary charge-
based switch controlled by energy barrier modulation [47]. Therefore, emerging logic devices
beyond CMOS technology are expected to continuously address the need of "More Moore".
They explore non-charge state variables (e.g., spintronics devices) or novel mechanisms for
charge-based devices (e.g., Tunnel FET based on tunneling transport, single electron transistor
based on Coulomb blockade) [48-52]. Fig. 1.6 summarizes a classification of emerging logic
devices based on the state variables and the switching mechanisms [53].

A State Variable

o) Non-charge-based beyond-CMOS device
o
]
N
Q@
[
o
bz
CMOS and CMOS extension Charge-based beyond-CMOS device
(0]
S FinFET
<
©| GealVFET  Graphene FET
»
Conventional Novel Mechanism

Figure 1.6: A classification of emerging logic devices based on the state variables and the
switching mechanisms [53]. The Different colors represent different mechanisms or state
variables, and the mixed color reflects the multiplicity of the mechanisms or state variables.

In addition, the circuits are also expected to compute in a more efficient way to keep the
trend of "More Moore" when the transistor size approaches the limitations. Therefore, new
device concepts are desirable to exploit additional logic functionality. Moreover, with the
dramatically increased device density on the chips, reducing the power consumption has
become a key concern for circuit applications.

From this perspective, this thesis aims at exploiting the multiple-independent-gate field-
effect transistors. The device concept is investigated with silicon nanowire and fin-shaped
channels. The devices provide enhanced logic functionality by introducing the electrostatically
controlled polarity. The computing efficiency is consequently improved with the proposed
devices thanks to the efficient implementation of unate and binate functions. In addition
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to the enhanced logic functionality, this thesis further exploits this device concept towards
low-power applications. A unique dual-threshold-voltage design with the devices is proposed
to achieve a fine trade off between performance and leakage power consumption. Moreover,
a steep-subthreshold-slope operation is also demonstrated in the devices, which breaks the
limit of subthreshold slope in conventional CMOS technology.

1.2 Current Limitations of CMOS Technology

This section discusses the current limitations of CMOS technology on computing efficiency, as
well as the power reduction with multi-threshold-voltage design and supply voltage lowering.

1.2.1 Computing Efficiency

In a majority of real applications, NAND/NOR and exclusive-OR (XOR) intensive functions
are the most frequent functions within the circuits [54]. CMOS technology is very efficient in
implementing NAND/NOR-based functions. As shown in Fig. 1.7(a), a NAND gate consists of
only 4 transistors.

In contrast, to implement the XOR function, CMOS technology has to employ more devices in
a complex form as compared to implementing NAND function. Fig. 1.7(b) shows a XOR gate
built with 8 transistors excluding the inverters for the input signals.
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(a) NAND gate (b) XOR gate

Figure 1.7: Implementation of logic functions with CMOS technology, (a) NAND gate with 4
transistors, (b) XOR gate with 8 transistors excluding the inverters for the input signals.

XOR-based functions are widely used in various circuits, such as arithmetic circuits, parity
checker, comparator, etc.. Thus, a less efficient XOR gate can directly affect the performance of
these circuits in terms of speed, power consumption and area [55]. Even though many designs
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of XOR function have been proposed, the implementation of XOR intensive functions still
limits the computing efficiency of CMOS technology [55, 56].

1.2.2 Multi-Threshold-Voltage Design

With the dramatically-increased device density on the chips, the power consumption has to
be considered as a prime constraint in the design of integrated circuits, especially for portable
equipments that have a limited battery capacity.

The main source of power consumption in integrated circuits can be divided into dynamic
power consumption and static power consumption. Dynamic power is consumed whenever
the device is utilized. In contrast, static power is consumed as long as the power supply is
maintained [57]. Static power consumption is mainly caused by the leakage current through
the device in its off state, and is called leakage power consumption. Therefore, transistors
with low leakage currents can reduce the leakage power consumption in circuit design.

According to the operation of MOSFETs in a certain technology, the subthreshold drain leakage
of MOSFETs (I,¢) exponentially decreases with higher Threshold Voltage (Vr). Hence, the
utilization of high- V7 devices can reduce the leakage power. Nevertheless, the devices with
higher V; provide lower on-state current (/o). Fig. 1.8 shows the characteristics of FinFETs
with different threshold voltages [58]. It can be observed that the high-V; devices provide
lower I by 3 decades but only 50% Iy, as compared to low-Vr devices.
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Figure 1.8: Characteristics of low-Vr and high- V7 FinFETs extracted from PTM-MG 20 nm
model [58]. (a) nFET, (b) pFET.
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High- V7 devices can efficiently reduce the leakage power consumption with lower I,s. How-
ever, the lower I, of high-Vr devices may harm the circuit performance at the same time.
This can be easily understood by considering the operation of a fundamental CMOS logic gate,
i.e., an inverter. As shown in Fig. 1.9, the change of the output value can be simply modeled as
charging/discharging the load capacitance C;, through a transistor with the current I,,. Thus,
the delay of this operation 7 can be approximately estimated as:

CLV,
7= LD (1.1)

IOH

Eq. (1.1) clearly shows the effect of I, on the circuit performance. Lower Iy, of high-Vr
devices can significantly degrade the circuit speed.
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Figure 1.9: A simple way to estimate the delay of an inverter. (a) An inverter with a load
capacitance Cy, (b) When input is ‘0’, the NMOS is off, and the load capacitance is charged by
PMOS with the current I,,. The output rises from 0 to Vpp in a delay of 7.

In order to make a trade off between the performance and leakage power consumption, the
multi-threshold-voltage (multi-V7) design is widely used in CMOS technology [59]. This
method mixes devices with different threshold voltages in the design. In general, low-Vr
devices with higher I, are used in the critical paths to meet timing constraints, while high-
Vr devices with lower leakage current are used in slack paths to reduce the leakage power
consumption.

Fig. 1.10 shows an example of the multi- V7 design. By assuming all the input signals (AO~A6)
arrive at the same time, the path G2-G4-G5-G6 has the tightest timing constraint, while the
paths G1-G6 and G2-G3-G6 are slack paths. Therefore, the gates G2, G4, G5 and G6 can be
built with low- V7 devices to improve the speed of the circuit. G1 and G3 can be built with
high-Vr devices to reduce the leakage power without degrading the circuit performance.

However, the above analysis and design of Fig. 1.10 are based on an important condition: the
circuit still meets the timing constraint when using G1 and G3 built with high- V7 devices. In
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Figure 1.10: An example of multi- Vr design. G1 and G3 in slack paths are built with high-Vr
devices, while the other gates are in the critical path, thus using low-V devices.

other words, the high- V1 devices should provide significant leakage reduction with acceptable
performance degradation. Otherwise, G1 and G3 have to be built with low-Vr devices, and
the leakage power is not reduced.

As shown in Fig. 1.8, lower I, in high- V7 devices can significantly degrade the speed of the
components. Consequently limited by the discussed condition, the conventional multi- V7
technology can only provide a coarse trade off between the circuit performance and the leakage
power consumption.

On the other hand, in order to fabricate devices with different threshold voltages, additional
process steps are required in conventional multi-Vr design with CMOS technology. This
increases the fabrication cost and also reduces the regularity of design.

1.2.3 Supply Voltage Lowering

The total power (dynamic power and static power) consumed by a logic circuit can be approxi-
mately estimated as [60]:

Piotal = Pstatic + denamic = Leak VDD + A-CL Vgpf (1.2)

where e, is the leakage current, Vpp is the supply voltage, C; is the load capacitance, and f
is the operating frequency. The activity factor A models the average switching activity in the
circuits.

Eq. (1.2) shows that, lowering the supply voltage Vpp is an efficient way to reduce both the
dynamic and static power consumption.

10
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However, as shown in Fig. 1.11, reducing Vpp while keeping the original Subthreshold Slope
(SS) (Line (1)) leads to a lower Iy, (Line (2)) and/or a higher Ig (Line (3)), i.e., a worse Ion/ It
ratio. As discussed in Sec. 1.2.2, the degraded I,/ I ratio will lower the circuit speed or
increase the static power consumption. In order to maintain good switching properties at
lower supply voltage, the transistor requires a steeper SS (Line (4)).

The subthreshold slope (or subthreshold swing) is commonly defined as the inverse of the
slope of the Ip-V;; characteristics in the logarithmic scale at the subthreshold region. It is thus
written as:

A%

S§= —2—

(1.3)

Therefore, a steeper subthreshold slope means a smaller SS.

Drain Current (A)

Red line: SS=46 mV/dec

l Blue lines: SS=60 mV/dec
[

0.0 0.2 0.4 0.6 0.8
Ve (V)

Figure 1.11: Supply voltage lowering requires devices with a steeper subthreshold slope to
maintain good switching properties. (1) Original device characteristics with Vpp = 0.8V, (2)
Characteristics by directly reducing Vpp to 0.6 V, (3) Shifted characteristics with the same I,
and SS as in original device, (4) Characteristics of device with a steeper SS which maintains
the I/ I ratio as in the original device.

Note that, there is a lower bound of the SS in conventional MOSFETs. According to the
working principle, the subthreshold current can be considered as majority carriers at source
overcome the barrier in the channel, and finally reach the drain. As shown in Fig. 1.12, the
barrier is lowered with the increased gate voltage. Thus, the density of carriers with the energy

11



Chapter 1. Introduction

above the barrier exponentially increases, leading to the exponentially increased subthreshold
current [61]. This relationship can be written as:

q(l)s)
kT

Lsubthreshold < €Xp ( (1.4)
where g is the elementary charge, k is the Boltzmann constant, and T is the temperature, ¢; is
the surface potential in the channel, which determines the barrier for carrier injection. If the
gate has an ideal electrostatic control over the channel, the applied gate voltage completely
translates into the drop of the barrier, i.e., 0Vg/d¢; = 1.

Vg
Ec
Ev

(b)

Figure 1.12: (a) Structure of a n-type MOSFET. (b) Band diagram showing the potential barrier
lowered by increasing V.
Therefore, by substituting (1.4) into (1.3), the lower bound of SS is derived as:

kT
SSmin = 7 -In10 (1.5)

Eq. (1.5) gives the limit of subthreshold slope in conventional MOSFETs. At room temperature,
this limit is nearly 60 mV/dec.

During the past development of MOSFET technology, this limit provided enough room for
reducing the supply voltage while keeping the acceptable performance. Numerous innovations

12
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focused on maintaining a good electrostatic control with the gradually shrunk channel to keep
the SS close to this limit [13, 15, 36].

However, the pace of reducing the Vpp has to slow down recently. To target ultra-low-power
applications with a Vpp far below 1.0 V, new device technologies which are not suffering from
this limit are highly desired.

1.3 Global Objectives

This thesis aims at exploiting a new device concept that can overcome these limitations of
CMOS technology by introducing multiple independent gate terminals. The device is expected
to improve the computing efficiency with enhanced logic functionality and enable a fine-
tunned multi-threshold-voltage design without sacrificing the regularity of design. In addition,
it is also expected to break the limit of subthreshold slope in CMOS technology.

From this perspective, the concept of multiple-independent-gate FETs is proposed. This device
concept is investigated with both silicon nanowire and fin-shaped channels. By efficiently
utilizing the unique structure to modulate the Schottky barriers, the device can demonstrate
three key properties:

(1) Polarity Controllability. The polarity of the device is controlled by an additional bias,
which decides the conduction of different types of carriers. With the polarity controllability,
the device can efficiently implement XOR-based functions in addition to NAND/NOR-based
functions.

(2) Multi-Threshold-Voltage Characteristics. By independently modulating the Schottky
barriers at contacts and the barrier in the channel, low- V7 and high- V7 configurations are
obtained with the same I,y in a single device. The proposed technology can provide a fine
trade off between performance and leakage power with improved layout regularity. It also
brings additional opportunities in design of efficient logic gates.

(3) Steep-Subthreshold-Slope Operation. By introducing a feedback with dynamic mod-
ulation of Schottky barriers, the device can achieve a steep SS below 10 mV/dec over the
subthreshold region with high I,/ I ratio.

This device concept is validated through the characterization of fabricated devices and sim-
ulations. Further evaluation at circuit level is carried out, showing the potential of multiple-
independent-gate SINWFETs and FinFETs towards low-power applications.

1.4 Thesis Contributions

This thesis exploits a new device concept: multiple-independent-gate field-effect transis-
tors. The devices are built up with silicon nanowire and fin-shaped channels. The polarity-
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controllable device provides new opportunities for circuit design thanks to its enhanced
functionality. In the meantime, the proposed technology can improve the low-power design
method with the dual-threshold-voltage characteristics and the steep-subthreshold-slope
operation.

The proposed device concept is extensively studied on fabrication, dual- Vr characteristics
and design, steep-SS operation, and compact modeling. The contributions in each category
are introduced as follows:

Device Structure and Fabrication: This device concept is originally proposed in this thesis by
efficiently utilizing the electrostatic control of Schottky barriers with a multiple-independent-
gate structure. A process flow is developed to fabricate the devices with a top-down approach.
Multiple-independent-gate SINWFETs and FinFETs are experimentally demonstrated in the
academic cleanroom of EPFL.

Dual-Threshold-Voltage Characteristics and Design: The reconfigurability of threshold volt-
age in a single device is achieved by independently modulating the Schottky barriers. This
property is validated through the characterization of a Three-Independent-Gate (TIG) SiN-
WEET. The results clearly demonstrate the modulation of threshold voltage and leakage current
between low- V7 and high-Vr configurations. Moreover, the device has the same I, in low-Vr
and high-Vr operations. This feature can provide a fine trade off between performance and
leakage power consumption in circuit design. This device concept also brings new opportu-
nities in efficiently implementing unate and binate logic functions. In the physical design,
an uncommitted logic gate pattern is introduced to improve the layout regularity. Dual-Vy
design is thus achieved by applying different wiring schemes on the same pattern.

Steep-Subthreshold-Slope Operation: The steep-SS operation is achieved by realizing the
weak impact ionization induced feedback. In particular, the electrostatic control of the Schot-
tky barriers in the proposed device concept provides not only the polarity controllability, but
also a dynamic modulation of the feedback, which can enhance the steep-SS operation. This
property is validated by characterizing the fabricated Dual-Independent-Gate (DIG) silicon
FinFETs. The measurements show a steep SS of 6 mV/dec over 5 decades of current with high
Ion/ Iogs ratio and good reliability. In addition, feasible improvements are proposed to further
improve the device performance.

Compact Modeling: In order to build the bridge between device technology and circuit design,
a physics-based potential and drain current model of DIG SINWFETs is developed. The
presented core model captures the basic operation of the device with a good accuracy as
compared to Technology-Computer-Aided-Design (TCAD) simulation. Advanced physical
effects can be integrated into this core framework to accurately model the behavior of the
device.

The presented device concept employs the electrostatic control of Schottky barriers at metal-
semiconductor contacts. Therefore, it is not limited in silicon nanowire or fin-shaped channel,
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but can be extended to SOI or other non-planar structures and other channel materials, such
as germanium, etc..

1.5 Thesis Organization

This thesis is organized in five chapters following the introduction. Chapter 2 presents the
device structure and fabrication of multiple-independent-gate FETs. Chapter 3 introduces
the dual-threshold-voltage characteristics and the design with TIG SINWFETs. Chapter 4
demonstrates the steep-subthreshold-slope operation with DIG FinFETs. In Chapter 5, a
compact model is developed for DIG SiNWFETs. Chapter 6 concludes this thesis and discusses
the future work. In detail,

Chapter 2 first introduces the functionality-enhanced technologies presented in literature.
Among different device structures, SINWFETs and FinFETs with multiple independent gates
are chosen by considering their advantages in fabrication and design. Then, the fabrication
of multiple-independent-gate SINWFETs and FinFETs is step-by-step presented following a
top-down process flow.

Chapter 3 presents the device characteristics with dual threshold voltages and the relevant
circuit and physical design. Following the review of conventional multi- V; technologies,
the exploitation on the proposed dual- V7 operation is carried out at both device-level and
circuit-level.

Device-Level: First, the working principle of the dual- V7 operation is introduced. Then, the
reconfigurability of both the polarity and V7 is experimentally validated by characteriz-
ing a TIG SINWFET with vertically-stacked nanowires. Through TCAD simulation, the
effect of structural and physical parameters on the dual- V characteristics is discussed.
A table-based device model is extracted from TCAD simulation, which is applied in the
following circuit-level study.

Circuit-Level: A circuit and physical design approach with TIG SINWFET: is studied to exploit
their applications in dual- V7 circuits. By applying low- V7 and high- V7 configurations,
logic gates are compactly implemented towards either high performance or low leakage
applications. In physical design, an uncommitted logic gate pattern is introduced to
improve the layout regularity. Combinational and sequential elements are mapped onto
the uncommitted pattern with different wiring schemes. Benchmarking of logic gates
and circuits shows promising performance in dual-Vy design with TIG SINWFETs as
compared to low-standby-power FinFET technology.

Chapter 4 first introduces the steep-SS devices presented in literature. Then, it discusses the
steep-SS operation in the proposed device. With a feedback induced by weak impact ioniza-
tion, the device achieves a steep subthreshold slope in addition to the polarity controllability.
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The steep-SS characteristics are studied in terms of experiments and theoretical analysis. In
the experimental work, the steep-SS operation is demonstrated through the characterization
of DIG FinFETs under different bias and temperature conditions. In the physical analysis, the
steep-SS characteristics assisted by the dynamic modulation of Schottky barriers are discussed.
Feasible improvements are also suggested to further improve the device performance.

Chapter 5 focuses on the compact modeling of DIG SINWFETs, as the DIG SINWFET is the
basic structure in the multiple-independent-gate SINWFET / FinFET concept. A physics-based
surface potential and drain current model is derived. Then, the proposed model is validated
by comparing the characteristics predicted by the model with TCAD simulation.

Chapter 6 concludes the presented results, and summarizes the achievements of this thesis.
Finally, a perspective on future work related to and envisaged from this work is discussed.
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This chapter first introduces the general principle behind the functionality-enhanced tran-
sistors and the previous work presented in literature. Then, the structures of multiple-
independent-gate SINWFET and FinFET employed in this thesis are illustrated in Sec. 2.2. The
fabrication of the proposed devices with a top-down process flow is presented step by step in
Sec. 2.3. Finally, this chapter is summarized in Sec. 2.4.

2.1 Functionality-Enhanced Transistors

In this section, we first introduce the operation of Schottky-barrier FETs. Then, the functionality-
enhanced transistors presented in literature and that rely on a dynamic control of the Schottky
barrier contacts are introduced.

2.1.1 Schottky-Barrier FETs

Conventional MOSFETs use heavily doped semiconductor as Source and Drain (S/D) to
provide electrons or holes for device operation. The chemical doping at S/D determines the
type of the device. For example, the implantation of boron forms p-type doped S/D. Thus, the
fabricated PMOS are based on the conduction of holes. In contrast, NMOS can be obtained
with the implantation of arsenic at S/D to supply electrons.

Instead of using heavily doped semiconductor, metal can also be used as S/D material [62, 63].
The contact between metal S/D and semiconductor channel forms a potential barrier at the
interface, i.e., Schottky barrier [10]. The conduction of the device can thus be controlled by
electrostatically trimming the Schottky barriers.

Fig. 2.1(a) illustrates the structure of a Schottky-Barrier FET (SB-FET) with a single gate.
Since metal can provide both electrons and holes, the SB-FET can achieve the conductions
of both carriers. Fig. 2.1(b) illustrates the band diagram for electrically neutral. In Fig. 2.1(c),
the energy band in semiconductor is bent downwards by applying positive gate and drain
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Figure 2.1: Conduction of both electrons and holes in a SB-FET. (a) Schematic of a single-gate
SB-FET. (b) Band diagram for electrically neutral. (c) Conduction of electrons in SB-FET with
Vi > 0. (d) Conduction of holes in SB-FET with V; < 0. (e) Cross-section of a 22-nm p-type
SB-FET and the measured characteristics [64].

voltages. Thus, electrons can come into the semiconductor channel from metal by means of
Thermionic Emission (TE), Thermionic-Field Emission (TFE) and Field Emission (FE) [10,65,66].
In contrast, the upward band bending obtained by applying a negative gate voltage allows
the conduction of holes at the Schottky barrier (Fig. 2.1(d)). Therefore, the device exhibits
ambipolar characteristics as shown in Fig. 2.1(e) [64]. However, the ambipolar characteristics
may degrade the SS and reduce the I,/ Iy ratio of the device, thus degrading the circuit
performance and increasing the power consumption.
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In order to overcome the drawbacks of the ambipolar characteristics and improve the device
performance, many techniques are adopted in the development of SB-FETs [67-71]. For
example, Fig. 2.2 shows the Schottky-barrier height engineering with dopant segregation
technique [67]. The Schottky-barrier height for electrons and holes are tuned by implanting
dopant with different dose (Fig. 2.2(a)). The device thus achieves a good I,/ I ratio, which
is comparable with conventional MOSFETs (Fig. 2.2(b)). Nevertheless, the obtained SB-FETs
have to abandon the conduction of either electrons or holes in a single device. Therefore, the
functionality of the SB-FETs with a fixed polarity are still the same as conventional MOSFETs.
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Figure 2.2: (a) Schottky-barrier height engineering with dopant segregation technique, (b)
Improved n-type performance in SB-FET with dopant segregation, which is comparable to
conventional MOSFETs.

2.1.2 Functionality-Enhanced Transistors

As compared to SB-FETs, functionality-enhanced transistors efficiently utilize the inherent am-
bipolar conduction at Schottky junctions. Relying on the electrostatic trim of Schottky barriers,
the devices select the desired type of carriers with one gate. Moreover, the functionality-
enhanced transistors employ an additional gate to modulate the conduction of the carriers.
Thanks to the cooperation of both gates, the functionality-enhanced transistors can achieve
independent control of the polarity and the conduction of the devices, and exhibit both n-type
and p-type characteristics in a single device.

Starting from this principle, functionality-enhanced transistors have been demonstrated with
different structures and channel materials. [72-81]. Fig. 2.3 shows some of them.

Heinzig et al. fabricate a functionality-enhanced transistor with silicon nanowire as the chan-
nel (Fig. 2.3(a)) [73]. Two top gates separately modulate the Schottky barriers at source and
drain. During the operation, one gate blocks the unwanted type of carriers, thus determining
the polarity of the device. The other gate modulates the tunneling of selected carriers through
the corresponding Schottky barrier, thus controlling the channel conduction.
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Figure 2.3: Polarity-controllable transistors built with different device structures and materials:
(a) single silicon nanowire with two top gates [73], (b) MoS, channel with two buried gates [74],
(c) vertically-stacked silicon nanowires with double gate-all-around gates [72], (d) graphene
with a top gate and a back gate [78], (e) carbon nanotube with a top gate and a back gate [79],
(f) a-MoTe, with a top gate and a back gate [80].

Sutar et al. use MoS; as the channel material as shown in Fig. 2.3(b) [74] . The device also has
two independent gates and consequently similar operation as in Fig. 2.3(a), but the gates are
buried in the oxide.

De Marchi et al. present a functionality-enhanced device based on vertically-stacked silicon
nanowires (Fig. 2.3(c)) [72]. The channel is controlled by three gate-all-around structures .
Two gate structures close to source and drain are connected to modulate the Schottky barriers.
Therefore, this gate selects the desired carrier type, and is called Polarity Gate (PG). The Control
Gate (CG) modulates a potential barrier in the middle of the channel, which consequently
controls the channel conduction.
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2.1. Functionality-Enhanced Transistors

In Fig. 2.3(d), (e) and (f), the devices feature a top gate controlling the channel conduction, and
a back gate modulating the Schottky barriers. The operation of these three devices are similar
to the device in Fig. 2.3(c). However, these devices are built with different channel materials.
Lin et al. use carbon nanotube as the channel materials, while 2-D materials graphene and
a-MoTe, are applied in the work of Harada et al. and Nakaharai et al. [78-82].

The similarities and the differences between these devices are further discussed as follows:

¢ Similarities:

1. They all employ metallic S/D contacts with semiconductor channel. Therefore, the
operation of the devices is based on the carrier transport at the Schottky barriers.

2. The devices all use two separate gates to independently control the polarity of the
device and the channel conduction.

¢ Differences:

1. Material:

Different semiconductor materials are applied to these devices as the channel. Fig.
2.3(a) and (c) both use silicon nanowires. In (a), the channel is made by a single
nanowire, while (c) consists of vertically-stacked nanowires; (e) is based on carbon
nanotube; (b), (d) and (f) exploit 2-D materials, including MoS,, graphene, and
a-MoTe,.

2. Number of gated regions:

Each channel of the devices can be divided into several gated regions from source
to drain. Although these devices all have two gates for independent control, the
number of gated regions in each device can be different.

For example, Fig. 2.3(a) and (b) have two gated regions. Each gate controls a
Schottky barrier. While (c), (d), (e), (f) all have three gated regions. The two
gated regions close to S/D are controlled by a common gate, which modulates
both Schottky barriers. The other gate at the middle of the channel controls the
conduction of the carriers in the channel.

3. Placement of Gates:

These devices place the gates in different ways. In Fig. 2.3(a), two top gates are
placed on the nanowires, while (b) buries the two gates underneath the MoS,
channel. In (c), the two gates are both made with gate-all-around structures. (d),
(e) and (f) all build the devices with a top gate and a back gate connected from the
substrate.

From the perspective of fabrication, the functionality-enhanced transistors exploit a dopant-
free process by replacing heavily doped S/D in CMOS technology with metal. The use of
metallic S/D helps to fabricate ultra-shallow S/D junctions with a low resistance [83]. In
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addition, the dopant-free process may eliminate the ion implantation and reduce the variation
due to random dopant fluctuation in nano-scale devices [84, 85].

More importantly, the polarity controllability can be utilized to implement new logic architec-
tures in a compact form [86-89]. In particular, the polarity-controllable FETs can efficiently
implement both NAND-based and XOR-based functions with the enhanced logic function-
alities [54, 86,90]. Therefore, the application of polarity-controllable FETs can promote the
design of more efficient logic circuits, which will be discussed in details in Chapter 3.

2.2 Structure of Multiple-Independent-Gate FETs

Functionality-enhanced transistors introduced before are fabricated with different channel
materials and gate structures. In this thesis, we consider that:

1. Compared to new materials such as carbon nanotube or MoS;, silicon is preferred as the
channel material in this study because of the mature technology for device fabrication
and large-scale integration. The mature technology can enhance the yield of high-
quality devices and circuits during the complex fabrication steps, including etching,
oxidation, and Schottky-barrier formation, etc..

2. Compared to the bulk structure, the use of the silicon nanowire or fin-shaped channel is
best suited for excellent electrostatic control, which is considered as a primary require-
ment for deeply scaled devices, especially when the channel length shrinks to below 20
nm [36,38,39].

3. When employing the device structure with a top gate and a back gate, it is difficult to
independently control each device on the substrate. In contrast, the structure with
independent top gates provides independent control of each device from the top, thus
enabling the circuit-level fabrication with the proposed devices.

4. Moreover, the multiple-gate structure can enhance the degree of freedom and range of
functionalities in one transistor by independently controlling each Schottky barrier and
the conduction of the channel.

Finally, this thesis proposes the multiple-independent-gate field-effect transistors through the
investigation of different materials and structures. Silicon nanowire and fin-shaped channel
are applied to this device concept based on the above considerations.

The conceptual sketches of two representatives of the multiple-independent-gate SINWFET
and FinFET are shown in Fig. 2.4. In Fig. 2.4(a), vertically-stacked silicon nanowires are con-
fined within the source and drain pillars. The channels are surrounded by three independent
gates, named Polarity Gate at Source (PGs), Control Gate (CG) and Polarity Gate at Drain (PGp).
Nickel silicide is used as S/D material to form Schottky junctions with the silicon channel.
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Figure 2.4: Structure of (a) three-independent-gate SINWFET and (b) dual-independent-gate
silicon FinFET.

Therefore, PGg and PGp in the structures modulate the Schottky barriers at the source and
drain contacts, while CG controls the current flow through the channel.

Fig. 2.4(b) shows a dual-independent-gate silicon FinFET. As compared to the device in
Fig. 2.4(a), PGs and PGp in this device are connected together to bias the Schottky barriers.
Therefore, the connected polarity-gates are renamed as Schottky Barrier Bias (SBB), and the
control gate is simply called Gate (G). Note that, the dual-independent-gate structure is a
simplified multiple-independent-gate structure, which can be directly obtained by connecting
PGgs and PGp in the layout design.

The three-independent-gate SINWFET in Fig. 2.4(a) will be used to discuss the dual-threshold-
voltage characteristics and design in Chapter 3, and the dual-independent-gate FinFET in Fig.
2.4(b) will be used to demonstrate the steep-subthreshold-slope operation in Chapter 4.

2.3 Device Fabrication

In order to experimentally demonstrate the multiple-independent-gate SINWFETs and Fin-
FETs, a process flow is developed and completely implemented at the facilities in the Center
of MicroNanoTechnlogy (CMi) of EPFL. In this section, we show the process flow and runcard
of the fabrication of three-independent-gate SINWFETs and FinFET. Devices with dual inde-
pendent gates can be fabricated with the same process by connecting the two polarity gates in
the layout design.

First, a lightly p-type boron doped (~ 10'°/c¢m?) SOI 100 mm wafer with a 340 nm thick silicon
device layer is used as the substrate. The thickness of the Buried Oxide (BOX) is 2um. The
crystal orientation of the SOI layer is (100), and the resistivity of the SOI layer is between
8.5Q0-cmto 11.5Q - cm.
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The desired critical feature size of the devices is around 50 nm, which is the diameter of
nanowires and thickness of fins. In order to write such small patterns, the Vistec EBPG5000
electron-beam lithography system is used, which is capable of writing <10 nm features and
placing structures on a substrate with an accuracy of less than 20 nm [91].

The fabrication of the devices is implemented with a CMOS-compatible top-down approach,
which is suitable for circuit fabrication and large-scale integration. The process consists of
six main steps, i.e., the fabrication of (1) alignment markers, (2) channel, (3) polarity gates,
(4) control gate, (5) nitride spacers, and finally (6) nickel silicide. The detailed process flow is
introduced below.

(1) Alignment markers: In order to perform the good alignment between the different
masks used in the following steps, alignment markers are first fabricated on the wafer.
The makers are defined as 20um x 20um squares using e-beam lithography. Then, the
340 nm SOI layer is completely etched through with plasma dry etching, followed by
a BHF etching of the 2um buried oxide. After etching through the buried oxide, the
silicon substrate is continuously etched by ~ 1.2um using plasma etching. Finally, the
markers with a depth of around ~ 3.5um are obtained to provide enough contrast for the
following alignment operation. Fig. 2.5 sketches the cross-section of the SOI wafer and
the finally obtained alignment maker. Table 2.1 lists the process runcard for fabricating
the alignment markers.

Table 2.1: Process for fabricating alignment markers

Step Description Equipment Program/Parameters | Target
1.1 | Sub. dehydratation 77 | hot plate 180°C 5 min
1.2 ZEP coating Z7 | spin coater ZEP 100%, 2000rpm 550 nm
1.3 ZEP baking 77 | hot plate 180°C 5 min
1.4 Exposure 77 [ Vistec EBPG5000 Mark, 220 uC/ cm? /

1.5 Development 77 | wetbench n-amyl-acetate 2 min
1.6 Substrate rinsing 77 | wetbench 90:10 MiBK:IPA 1 min
1.7 SOI layer etching Z2 | AMS 200 Si_opto, 1 min 0.34 um
1.8 | BOXlayer etching 72 | Plade oxide BHF 2nd bath, 35min | 2 um
1.9 Substrate etching 72 | AMS 200 Si_opto, 1 min 1.2 um

1.10 ZEP removal 72 [ Oxford 0, 20 min

1.11 Piranha cleaning 72 | Piranha / /
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Figure 2.5: (a) Cross-section of the SOI wafer with 340 nm silicon device layer and 2um buried
oxide, (b) Dimensions of the fabricated alignment markers.

(2) Channel fabrication (silicon nanowires and fins):

The processes of fabricating silicon nanowires and fins are introduced separately.

(2.1) Silicon nanowires: First, the nanowires and the S/D regions are defined using

e-beam lithography (Fig. 2.6(a)). The length and the diameter of the defined
nanowires are 350 nm and 50 nm, respectively. Then, vertically-stacked nanowires
are formed in a top-down fashion, using a single Deep Reactive Ion Etching (DRIE)
process step (i.e., Bosch process) [72,92]. This DRIE process is illustrated in Fig.
2.6(b)-(f) [93]. A silicon dry etching with SFg plasma is interleaved with a C4Fg
plasma induced passivation. These two steps are cycled a number of times, thus
creating a number of vertically-stacked nanowires under the protection of photo
resist. By co-optimizing the etching rate and the number of etching cycles, four
nanowires are finally obtained in the 340 nm silicon layer as shown in Fig. 2.7(a).

Table 2.2: Process for fabricating vertically-stacked silicon nanowires

Step Description Equipment Program/Parameters Target
2.1 | Sub. dehydratation Z7 | hot plate 180°C 5 min
2.2 HSQ coating 77 / spin coater HSQ 2%, 3500rpm 50 nm
2.3 Exposure 77 | Vistec EBPG5000 | NW, 900-1300 uC/cm? /

24 Development 77 | wetbench MF_CD_26, then rinse 2 min
2.5 Substrate Rinsing Z7 | wetbench DI water rinse until R> | 15Mohms
2.6 NW formation 72 | AMS 200 MM_SOI_ACCU 4 cycles
2.7 HSQ removal 72 |/ Plade oxide BHE Bath 1 20 sec
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Figure 2.6: DRIE (Bosch) process applied to the fabrication of vertically-stacked silicon
nanowires. (a) The diameter and the length of the nanowires are defined with photoresist
mask on silicon; (b) physical/chemical SFg etching is applied, creating an undercut below the
mask pattern; (c) C4Fg plasma forms conformal thin passivation on the structure; (d) SFg is
applied again, (e) vertically accessible surface passivation is readily removed by the partly
anisotropic SFg etching; (f) finally, a new undercut is produced by chemical etching by the
SFs, leading to a new nanowire. [93]

The typical vertical spacing between the nanowires is 40 nm. Table 2.2 lists the
process runcard for fabricating the vertically-stacked silicon nanowires.

(2.2) Silicon fin: After defining the length and the width of the fin as well as the S/D
region, a vertical dry etching of silicon is applied to the SOI layer. Table 2.3 lists
the detailed process for fabricating the silicon fins. Fig. 2.7(b) shows a fabricated
fin-shaped channel with a length of 800 nm and a width of 50 nm.

(3) Polarity gates: The necessary piranha cleaning and RCA cleaning steps are first per-
formed [94, 95]. Then, a 15 nm SiO; gate dielectric is formed with high-temperature
oxidation process, and 50 nm polycrystalline silicon layer is deposited.

To fabricate SINWFETs, two Gate-All-Around (GAA) structures with a length of 120 nm
are patterned on the 380 nm long silicon nanowires.

To fabricate FinFETs with a fin-shaped channel of 800 nm long, two structures covering
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Table 2.3: Process for fabricating silicon fins

Step Description Equipment Program/Parameters | Target
2.1 | Sub. dehydratation 77 | hot plate 180°C 5 min
2.2 ZEP coating 77 | spin coater ZEP 100%, 2000rpm | 550 nm
2.3 ZEP baking 77 | hot plate 180°C 5 min
2.4 Exposure 77 | Vistec EBPG5000 | Fin, 185-255 uC/cm? /

2.5 Development Z7 | wetbench n-amyl-acetate 2 min
2.6 Substrate rinsing 77 | wetbench 90:10 MiBK:IPA 1 min
2.7 Fin formation Z2 | AMS 200 Si_opto_slow, 40 sec | 0.34 um
2.8 ZEP removal 72 | Oxford (0] 20 min

Supporting

Pillar \

Nanowires

Figure 2.7: (a) Fabricated four vertically-stacked silicon nanowires confined within supporting
pillars, (b) fabricated silicon fin-shaped channel.

4

the top and the sidewalls of the fin are patterned with a length of 200 nm.

The unwanted polysilicon is removed by the Bosch process similar to the one used in
the fabrication of nanowires. As shown in Fig. 2.8, the Bosch process can completely
remove the polysilicon between the two gate structures, therefore guaranteeing a good
isolation and consequently a low leakage current between PGgs and PGp.

Table 2.4 lists the process for fabricating the polarity gates.
Control gate: A second 15 nm gate oxidation and 50 nm polycrystalline silicon de-
position are performed following necessary cleaning steps. Considering the silicon

consumed during oxidation, the resulting diameter of nanowires and the width of the
fin are around 30~40 nm. Then, CG is patterned in a self-aligned way.

Fig. 2.9 shows the cross-section of the vertically-stacked nanowires, the PG and the CG,
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Table 2.4: Process for fabricating polarity gates

Step Description Equipment Program/Parameters | Target
3.1 Piranha cleaning 72 | Piranha / /
3.2 RCA2 only 73 | RCA wetbench / /
3.3 Gate oxidation 73 | Centrotherm gox 15 nm
3.4 LPCVD Polysilicon 73 | Centrotherm poly 50 nm
3.5 | Sub. dehydratation Z7 | hot plate 180°C 5 min
3.6 ZEP coating Z7 | spin coater ZEP 100%, 2000rpm | 550 nm
3.7 ZEP baking Z7 / hot plate 180°C 5 min
3.8 Exposure 77 | Vistec EBPG5000 | PG, 200- 220 uC/cm? /
3.9 Development 77 | wetbench n-amyl-acetate 2 min
3.10 Substrate rinsing Z7 | wetbench 90:10 MiBK:IPA 1 min
3.11 | Native oxide etching Z2 | AMS 200 SiO2_PR_1:1 3 sec
3.12 | Polysilicon etching 72 | AMS 200 MM_NW_REL 25 sec
3.13 ZEP removal Z2 | Oxford 0, 20 min
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Figure 2.8: Fabricated polarity gates in the multiple-independent-gate FinFET.

while Fig. 2.10 shows the fabricated gates on a fin-shaped channel. From both images,
we can identify the overlaps between PG and CG, which are produced in the self-aligned
CG patterning. These overlaps ensure that the silicon channel is completely covered
by the gates in both SINWFETs and FinFETs. The obtained structure not only provides
good electrostatic control over the entire channel, but also protects the channel from
the following silicidation.
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Figure 2.9: Cross-sectional view of the vertically-stacked nanowires, PG and CG.

Figure 2.10: Tilted top view of the fabricated polarity gates and CG on a fin-shaped channel.

(5)

Table 2.5 lists the runcard for fabricating the control gate. Note that, in the current
fabrication setup, the thick gate oxide is used to maximize the fabrication yield within
our academic clean room facility by guaranteeing the correct connectivity and reduce
the risk of gate leakage. Nevertheless, no physical constraints limit gate oxide scaling in
this device with state-of-the-art high-« dielectric stacks directly implementable in the
fabrication process.

Spacer: After the formation of PG and CG, 5 nm SiO, and 20 nm low-stress silicon
nitride are formed on top of the whole structure. Then, an anisotropic etching of silicon
nitride is performed to obtain spacers at the edges of the steps. The principle of the
formation of spacers is illustrated in Fig. 2.11, and the fabricated spacers in a multiple-
independent-gate FinFET are shown in Fig. 2.12. The spacers are used as the isolation
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Table 2.5: Process for fabricating control gate

Step Description Equipment Program/Parameters | Target
4.1 Piranha cleaning 72 | Piranha / /
4.2 RCA2 only 73 | RCA wetbench / /
4.3 Gate oxidation 73 | Centrotherm gox 15 nm
4.4 LPCVD Polysilicon 73 | Centrotherm poly 50 nm
4.5 | Sub. dehydratation 77 | hot plate 180°C 5 min
4.6 ZEP coating 77 | spin coater ZEP 100%, 2000rpm | 550 nm
4.7 ZEP baking 77 | hot plate 180°C 5 min
4.8 Exposure 77 | Vistec EBPG5000 | CG, 200- 220 uC/cm? /
4.9 Development 77 | wetbench n-amyl-acetate 2 min

4.10 Substrate rinsing 77 | wetbench 90:10 MiBK:IPA 1 min

4.11 | Native oxide etching 72 | AMS 200 Si02_PR_1:1 3 sec

4.12 | Polysilicon etching 72 | AMS 200 MM_NW_REL 25 sec

4.13 ZEP removal 72 | Oxford 0, 20 min

between source/drain and the gates during the following silicidation in order to avoid
short circuits between different structures.

Table 2.6 lists the process runcard for fabricating the spacers.

Anisotropic Etching

(a)

¢ ¢ ¢ Silicon Nitride

X

(b)

Figure 2.11: Principle of the formation of spacers. (a) Anisotropic etching of deposited silicon
nitride over a silicon step, (b) Spacers obtained at the edges after the anisotropic etching.

30



2.3. Device Fabrication

Figure 2.12: Fabrication of spacers in the multiple-independent-gate FInFET. The spacers
form necessary isolation between S/D and PG, as well as between PG and CG.

Table 2.6: Process for fabricating spacers

Step Description Equipment Program/Parameters | Target
5.1 | Piranha cleaning 72 | Piranha / /
5.2 RCA2 only 73 / RCA wet bench / /
5.3 Dry oxide Z3 | Centrotherm dox 5nm
5.4 | Low stress nitride | Z3 / Centrotherm lsnt 20 nm
5.5 Spacer etching 72 | AMS200 SiO2_PR_1:1 8 sec

(6) Silicide: The wafer is first cleaned with oxygen plasma and BHF solution to obtain
a high-quality surface for silicidation. Directly following the cleaning process, a 20
nm nickel layer is deposited with sputtering. Compared to the evaporation method,
sputtering supports an in-situ cleaning and also increases the layer uniformity and
adhesion to the substrate [96]. Then, the nickel layer is subsequently annealed to form
nickel silicide. The annealing is performed in forming gas with a step-like process: 20
minutes at 200°C, then 20 minutes at 300°C, then 20 minutes at 400°C. Finally, the
unreacted nickel is removed in a hot piranha solution (4:1 mixture of 96% H,SO,4 and
30% Hy0>). The detailed process of the silicidation step is listed in Table 2.7.

The silicidation step creates Schottky junctions at source and drain with the silicon
channel. At the same time, the nickel silicide is also formed on the polycrystalline
silicon gates to reduce the resistance of the gate contacts. By controlling the annealing
temperature and duration, Ni; Si; is selected among different phase of nickel silicide
[72,97]. The Ni; Si; phase is preferred because of its near mid-gap workfunction with
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Table 2.7: Process of silicidation

Step Description Equipment Program/Parameters Target
6.1 Plasma O2 clean Z2 | Oxford 0, 5 min
6.2 | Native oxide removal Z2 | Plade oxide BHE 2nd bath 20 sec
6.3 Nickel sputtering Z11 / DP650 RT_Ni_E_Unif, 1 min 20 nm
6.4 Annealing 73 / Centrotherm N> + 5%H, @(200°C + | 20 min+

300°C + 400°C) 20 min+
20 min
6.5 Piranha nickel etch | Z14 / Acid wetbench | 160 ml H»SO4 + 40 ml | 5 min
H20>

respect to silicon (~4.8 eV) and low resistivity, further providing low interface defects at
the junctions [93, 98, 99].

Fig. 2.13 shows the Scanning Electron Microscopy (SEM) image of the final structures of the
fabricated multiple-independent-gate SINWFET and FinFET.

(J‘\

Source

Figure 2.13: SEM images of the fabricated (a) multiple-independent-gate SINWFET and (b)
multiple-independent-gate silicon FinFET.

Note that, the device may be more aggressively scaled without any fundamental limitations
coming from the device physics. Specifically, the gate-all-around and fin-shaped channel
geometries are best suited for strong suppression of short channel effects. In addition, the
absence of abrupt doping profiles in the channel relaxes constraints on doping levels down to
the technology nodes at 22 nm and beyond [100].
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2.4 Chapter Summary

Functionality-enhanced transistors have been demonstrated with different channel materials
and different gate structures. The enhanced functionality is achieved by a polarity control
through independently modulating the carrier transport at Schottky barriers and in the chan-
nel of the devices. Based on this principle, multiple-independent-gate silicon nanowire FETs
and FinFETs are proposed. The structures of the proposed devices are suitable for device fab-
rication and large-scale integration. A process flow for fabricating the devices in a top-down
approach is introduced step by step. In addition to polarity control, the multiple-independent-
gate structure can further enhance the functionality of the devices, which will be discussed in
following chapters.
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8] Dual-Threshold-Voltage
Characteristics and Design

This chapter exploits the capability of multiple-independent-gate FETs in the general field of
multi-V7 design. It shows the dual-V characteristics of the devices, as well as circuit design
opportunities and physical design method. Sec. 3.1 briefly reviews the multi-V7 technologies
in CMOS. Sec. 3.2 discusses the dual-V operation of the multiple-independent-gate FETs.
The device characterization is presented in Sec. 3.3 followed by discussion on the dual-Vr
operation in Sec. 3.4. Then, the circuit design opportunities and physical design method are
shown in Secs. 3.5 and 3.6. Finally, the chapter is summarized in Sec. 3.7.

3.1 Multi-Threshold-Voltage Technologies

As discussed in Sec. 1.1.2, for a given technology node, devices with low V7 normally show
larger I, but also much larger I, when compared to high-Vr devices. For example, the drive
current of low-Vr devices is ~ 1.4 x larger than in high-V7 devices, but I is also ~ 100x higher
with Intel’s 32 nm technology [101].

Therefore, in multi-V design, low-Vr devices with larger I, are used in the critical paths to
reduce delay and meet timing constraints. In non-critical paths, leakage power consumption
becomes the main constraint. Then, high-V devices with lower I are preferred. The mix
of different threshold voltages is a common technique to reduce the overall leakage power
consumption, without degrading the performance of circuits [59].

3.1.1 Threshold Voltage in MOSFETs

In CMOS technology, in order to obtain devices with different threshold voltages, the knowl-
edge on the relationship between V7 and structural parameters of MOSFETs is first needed.
Eq. (3.1) gives the V7 in a n-type MOSFET with a sufficiently long channel (i.e., L > A) [10]:

2e5iqNa(¢pr — Vps)
Vrlong = VFB +2¢r + V26 C (3.1)
(0):¢
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where € is the dielectric constant of silicon, N, is the doping concentration of the channel,
Vps is the bias between the body and the source, and Cyx = €ox/ ox is the oxide capacitance in
unit area with eqx and .« the dielectric constant and the thickness of gate oxide, respectively.
In addition, the flat-band voltage Vrp and the Fermi potential ¢pr can be written as:

Q
VFB = (,bms - _f (3.2)
Cox
T N
b = KT Na (3.3)
q n;

where ¢ is the workfunction difference between the gate material and the semiconductor,
Qy is the fixed charge in the oxide, and n; is the intrinsic carrier density.

With the continuous scaling down, the long-channel V7 in (3.1) is not accurate any more. Due
to the SCE and DIBL, the V7 gradually decreases with shorter channel. The finally obtained
Vr in short channel devices can be expressed as [102]:

Vi = Vilong— 2.0+ EI-pg—2.5-EI- Vg (3.4)

where ¢ is the built-in voltage at the source-channel junction, Vpg is the drain-to-source
bias, and the Electrostatic Integrity (EI) is given by:

2
X fou
’) ox dep (3.5)

El=|1+=|—
12| L L

with x; the junction extension depth, #4e, the depletion depth in the channel, and L the
channel length. In (3.4), the second and the third terms at the right-hand side stand for the Vr
reduction due to SCE and DIBL, respectively.

3.1.2 Process Engineering

It is observed from (3.1) that devices with different threshold voltages can be obtained in
different ways. A straightforward method is the use of different gate materials to tune the gate
workfunction, thereby modifying the threshold voltage of the device [103, 104]. For example,
Fig. 3.1(a) shows the dual metal gate CMOS with Ta/Mo diffusion technology for multi-Vr
applications. Ta diffuses into the underlying Mo layer and piles up at the metal/dielectric
interface. By annealing at proper condition, it reduces the gate workfunction [103]. Therefore,
the Ta/Mo gate decreases the V7 of NMOS and oppositely increases the V7 of PMOS as shown
in Fig. 3.1(b).

Another efficient way to tune Vr is provided by (3.4), which explains the "V roll-off" with
shorter channel. For instance, Intel’s 32 nm technology uses 4 nm longer gate length to
obtain ~ 0.1V higher V7. Together with low-damage implants and junction grading, the
subthreshold leakage of high-V devices is reduced by 2 orders of magnitude as compared to
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Figure 3.1: (a) Dual metal gate CMOS with Ta/Mo diffusion technology for multi-Vr applica-
tions, (b) Vr values in each type of devices [103].

low-V devices [101].

Similar as tuning the gate oxide thickness and channel doping concentration to modify Vr,
these methods require extra process steps, which eventually lengthen the design time, in-
creases fabrication complexity, and may reduce yield [60].

3.1.3 Body Biasing

Through the examination of (3.1), it is found that the threshold voltage of a device can also be
modulated by separately biasing its source and body terminals, i.e., changing Vgs. A Forward
Body Bias (FBB) reduces Vr, while a Reverse Body Bias (RBB) increases V7. By utilizing this
body effect of MOSFETs, Adaptive Body Biasing (ABB) is thereby proposed to achieve multi-Vr
design [105, 106].

In bulk CMOS technology, the applicable maximum body bias limits the magnitude of V
shift due to the isolation restriction. The maximum FBB is limited by current flows across the
P-N junction formed between the p-well and n-well. A thyristor-like device is formed in the
substrate by the two bipolar transistors as shown in Fig. 3.2 [107]. Thus, the FBB has to be
limited to avoid the latch-up. On the other hand, the maximum RBB is limited by the leakage
current and possible breakdown across the reverse biased drain-body junction.

Moreover, separately tuning threshold voltage of each transistor is hard to achieve with this
approach due to the area overhead of additional circuits and routing resources. Therefore,
the body bias is usually applied to an island to tune transistors in group [108]. In addition,
the body bias may be distributed a significant distance as an analog signal. This becomes
increasingly problematic with scaling because of the crosstalk between wires [107].
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Figure 3.2: Leakage path in bulk CMOS with forward body biasing.

Compared to bulk MOSFETs, UTBB-FD SOI technology provides more flexibility to utilize
the body effect [109]. Thanks to the isolation provided by thin buried oxide, a wide range of
body bias can be applied to the substrate (Fig. 3.3). Thus, a large V1 range can be obtained by
tuning the back bias. Nevertheless, it is still not convenient for routing.

In UTBB-FD SOI technology, with the trench isolation in the substrate, the threshold voltage
of the device can be also tuned by properly doping a Back Plane (BP) layer below the buried
oxide (Fig. 3.3) [27,109]. The doped BP has the similar effect as applying a bias to the substrate.
However, this method still requires extra process steps.

Table 3.1 summarizes the limitations of these conventional multi-Vr technologies. Extra
process steps, group tuning or special substrate is required to implement the multi-V design.
These technologies cannot perfectly avoid all the limitations.

SVT BP type Vb
SVT from -Vdd to
. family|  N°BP vdd

Si-film

BOX HVT | NMOS BP P/ | from -Vdd to

AR ErITI family| PMOS BP N vdd
Substrate Substrate Substrate LVT | NMOS BP N/ | from -Vdd to
L family| PMOS BP P vdd
7 7 Vb=V,
(a) (b)

Figure 3.3: (a) NMOS FD SOI multi-V devices obtained by applying doped BP and body bias.
(b) the multi-Vr family with different BP doping and a wide range of body bias. [109]
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3.2. Device Operation

To overcome these limitations, this chapter introduces the dual-Vr characteristics of multiple-
independent-gate FETs, which are demonstrated with a three-independent-gate SINWFET
technology. It can realize dual-Vr circuits with a unified process for all the devices. The
threshold voltage of pre-defined devices is tuned by applying different biases on extra gate
terminals. This voltage biasing is decided individually by applying different connection
schemes.

Table 3.1: Limitations of conventional multi-V technologies

Limitations | Process engineering | Adaptive body biasing | BP doping
Extra process Yes No Yes
Group tuning No Yes No

FDSOI only No No Yes

3.2 Device Operation

This sections shows the operation states of a Three-Independent-Gate (TIG) SINWFET and the
configurations with a single input or two inputs.

3.2.1 Operation States

The structure of TIG SINWFET has been introduced in Chapter 2. For convenience, the
conceptual sketch of the device is reproduced in Fig. 3.4.

Figure 3.4: Schematic of three-independent-gate SINWFET.
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In this device, PGs and PGp independently modulate the thickness of the corresponding
Schottky barrier. The desired type of carriers is selected to tunnel into the channel through the
thin Schottky barrier, and the other type of carriers is blocked by the thick Schottky barriers.
The device thereby achieves the electrostatically-controlled polarity. Located between PGg
and PGp, CG induces a potential barrier in the inner region of the channel to control the
selected carriers flow through the channel.

By independently biasing the three gates to either GND (‘0’) or Vpp (‘1’), 8 operation modes of
this device are divided into 4 groups. We can identify two ON states, two standard OFF states,
two low-leakage OFF states, and two uncertain states which will not be used [90, 110]. Fig. 3.5
illustrates the six most important operation modes and their corresponding band diagrams
when VDS:VDD (i.e., S=‘0’ and D:‘l’).
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Figure 3.5: ON, OFF and low-leakage OFF states and their corresponding band diagrams.

1. ON states: As shown in Fig. 3.5(a)(b), when PGs=PGp=CG, one of the Schottky barriers
is thin enough to allow hole tunneling from drain (p-type) or electron tunneling from
source (n-type), and there is no barrier in the channel. Thus, majority carriers flow
through the device easily.
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3.2. Device Operation

2. OFkF states: Current is shut off due to the barrier induced by opposite biasing of control
gate and polarity gates as shown in Fig. 3.5(c)(d). Nevertheless, small number of carriers
are still tunneling through the thin barrier into the channel. This mode is similar to the
double-gate SINWFET [72].

3. Low-leakage OFF states: When PGg=S and PGp=D in Fig. 3.5(e) (f), thick barriers pre-
vent carriers from tunneling at both source and drain and ensure minimum leakage in
the device. This mode corresponds to the two-gate SINWFET [73].

4. Uncertain states: When PGs=‘1" and PGp="0’, barriers are thin enough for tunneling.
However, this condition may also create an unexpected barrier in the inner region that
will block the current flow, and cause signal degradation. Hence, the uncertain states
should be prohibited by always fixing PGp=‘1" (PGs=‘0") for nFET (pFET), or using
PGp=PGs.

3.2.2 Single-Input Configuration

A symbol of TIG SINWFET is shown in Fig. 3.6(a), with all five terminals. According to the
transition between on and off states, four configurations of TIG SINWFET are also depicted in
Fig. 3.6, including Low-Vr (LVT) nFET/pFET and High-Vy (HVT) nFET/pFET. The uncertain
states are naturally avoided in these configurations.

1. Low-Vr pFET (Fig. 3.6(b)): PGs and PGp are biased to GND. The voltage sweep on CG
makes a transition between p-type ON (Fig. 3.5(a)) and standard OFF states (Fig. 3.5(c)).

2. Low-V7 nFET (Fig. 3.6(c)): PGs and PGp are biased to Vpp. The voltage sweep on CG
makes a transition between n-type ON (Fig. 3.5(b)) and standard OFF states (Fig. 3.5(d)).

3. High-Vr pFET (Fig. 3.6(d)): GND is applied to CG and PGg, and a voltage sweep is
applied on PGp. In this configuration, the device switches between p-type ON (Fig.
3.5(a)) and low-leakage OFF states (Fig. 3.5(e)).

D |1 ! l1 1 |1I 1 I-} 1
P 1Nt 41 ) G L
GD Eg G Llr_lol II’ I1l
141 JdK
PGS |O| 1 I_“\ . IOI I - G
S 0" 0 0’ 0’
Symbol LVT pFET LVTnFET HVTpFET HVTnFET

(a) (b) (c) (d) (e)
Figure 3.6: Bias configurations of TIG SINWFET with a single input.
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4. High-Vr nFET (Fig. 3.6(e)): Vpp is applied to CG and PGp, and a voltage sweep is
applied on PGg. In this configuration, the device switches between n-type ON (Fig.
3.5(b)) and low-leakage OFF states (Fig. 3.5(f)).

3.2.3 Two-Inputs Configuration

The configuration of TIG SINWFET can be further extended for two inputs by combining the
bias configurations for a single input in Fig. 3.6.

1. 2series nFETs (Fig. 3.7(a)): By combining the LVT and HVT nFET configurations, two
inputs on CG and PGg implement the function of 2 series nFETs.

2. 2series pFETs (Fig. 3.7(b)): Similarly, the configuration of 2 series pFETs is obtained by
combining the LVT and HVT pFET configurations.

3. DG configuration (Fig. 3.7(c)): The TIG SINWFET can also work as a Double-Gate (DG)
SiNWFET demonstrated in [72]. In this configuration, the device is on when G1=G2.
Thus, this configuration is efficient for implementation of XOR-based functions [111].

I1 1 l1 1 I-l 1
ik LVT Jl-G1 G2  HVT]p-G2 G2
Fa1 = Fo1 = G
G2  HVTJ}-G2 0’ LVT Jb-G1 G2
IOI lOl IOI
2 series nFETs 2 series pFETs DG configuration
(a) (b) (©)

Figure 3.7: Bias configurations of TIG SiNWFET for two inputs.

Even though a specified gate is used for polarization in TIG SINWFETSs, these two-inputs
configurations efficiently utilize the extra gates without source/drain region between two
inputs, thereby mitigating the area overhead compared to conventional CMOS devices. In
addition, the internal node capacitance between two inputs does not exist in TIG SINWFETs.
This helps to reduce the delay of circuits.

3.3 Device Characterization

To validate the working principle, we measure the transfer characteristics of the fabricated
device in Chapter 2 as shown in Fig. 3.8. Both n-type and p-type behaviors with different
threshold voltages (low-V7 and high-V7) are observed in the same device.

In all demonstrated characteristics in Fig. 3.8, the applied voltages at source and drain are set
to 0 Vand 2V, respectively.
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Figure 3.8: Measured characteristics of a three-independent-gate SINWFET. (a) p-type transfer
characteristic, (b) n-type transfer characteristic in the same device.

Low-Vt pFET configuration (LVT curves in Fig. 3.8(a)) is observed when Vpgs and Vpgp are
set to 0 V. Thus, electrons are blocked at source, and band bending at drain leads to a reduction
of the width of the Schottky barrier, i.e., thin Schottky barrier, which enables holes to tunnel
from drain into the channel. The CG modulates the barrier in the channel, thereby turning the
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device on or off as in conventional MOSFETs [112-114]. While in the on-state, the Schottky
barrier is thin enough and has a limited impact on the device operation. When V¢ issetto 0V,
the barrier for holes along the CG is suppressed. Holes flow through the device easily. While
setting V¢ to 2V, the potential barrier induced by the CG cuts the current flow and turns the
device off.

In contrast, high-V pFET configuration (HVT curves in Fig. 3.8(a)) is obtained when Vpgs and
Vg are set to 0 V to block the electrons tunneling from source. PGp modulates the Schottky
junction at drain and thereby controls the hole tunneling. By setting Vpgp to 0V, holes can
tunnel through the thin barrier and flow through the channel. Because this condition is exactly
the same as in low-V1 pFET configuration (Fig. 3.5(a)), the on-state currents of both high-V
and low-V7 modes are exactly the same value, regardless of the supply voltage. Although a
lower V7, i.e., earlier turn-on, is helpful for improving the circuit speed, the high-Vr mode
with the same on-state current will not significantly degrade the circuit performance. This
property of the proposed SINWFET is not achievable in conventional multi-Vt techniques,
and represents one of the key advantages of our approach. For the off state, Vpgp is setto 2 V.
The opposite band bending at the Schottky contacts prevents both electron and hole injection
into the channel, and also ensures the whole channel to be unpopulated [73]. This off-state
current suppression is thereby more effective than in the low-V configuration, where holes
are induced in the PGp-controlled region. Therefore, the off-state current is reduced by two
orders of magnitude as compared to low-V configuration, and reaches a leakage floor of
10.5 pA/pm (315 fA) normalized to the nanowire diameter.

Similarly, low-V7 nFET configuration (LVT curves in Fig. 3.8(b)) is reached when Vpgg and
Vpgp are set to 3 V. The Schottky barrier at drain blocks holes. At the same time, the Schottky
barrier at source is thin enough for electrons tunneling due to a band bending induced by PGg.
CG controls the current flow as in the low-V1 pFET configuration. High-V nFET configuration
(HVT curves in Fig. 3.8(b)) is reached for Vpgp and V¢ fixed to 3V, that blocks holes tunneling
from drain. PGg controls the Schottky junction at source and consequently turns the device
on or off. With the same principle as pFET configurations, the on-state currents of low-V7 and
high-V nFET configurations are the same since they share the same on state (Fig. 3.5(b)), and
the leakage current is also suppressed in high-V1 configurations.

To summarize the performance of the fabricated device, the on-state currents of pFET and
nFET configurations are 177 nA (5.9 pA/pm) and 310 nA (10.3 pA/um), respectively, which are
comparable to recent works on polarity-controllable devices [72,115]. Extracted at 1 nA drain
current [116], the threshold difference in pFET configurations and in nFET configurations are
0.48 V and 0.86 V respectively. The off-state currents of high-V pFET and nFET configurations
reach 315 fA (10.5 pA/um) and 1 pA (33.3 pA/um) compared to 30 pA (1 nA/pm) and 4.6 pA
(153.3 pA/pm) in low-Vr configurations. Thus, the total I,,/ Iy ratio for the high-V7 pFET
and nFET configurations are 6 x 10° and 3 x 10°, respectively. Currently limited by the thick
oxide used in fabrication process, low-V1 configurations demonstrate subthreshold slopes
of 155 mV/dec (pFET) and 217 mV/dec (nFET). However, the performance of the device can
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be further improved by optimizing the fabrication steps to enhance the electrostatic control,
such as reducing the gate oxide thickness.

Regarding scaling issues, high-« gate dielectric materials and metal gates, together with chan-
nel strain techniques can be directly applied to the presented structure. We do not foresee
fundamental limitations to size downscaling in terms of DIBL effect and power consump-
tion compared to conventional MOSFET. Moreover, the proposed device concept may be
applied to other materials (e.g., carbon nanotube, graphene, and MoS, [74,78,79]), giving the
opportunities for continuous scaling down.

3.4 Discussion on Dual-V; characteristics

After showing n-type and p-type operations in both high-V7 and low-Vr configurations, this
section discusses the reason of the dual-V characteristics, and the effects of structural and
physical parameters.

3.4.1 Origin of Dual Threshold Voltages

Let us take the nFET configurations for example. Band bending induced by a positive voltage
on PGg reduces the thickness of the source Schottky barrier and enhances the tunneling
of electrons through the source barrier. This leads to a reduction of the effective barrier
height [112]. In low-V configuration, sufficiently positive voltage configured on PGg can help
to suppress the effective Schottky barriers at the source. V¢ is swept to tune the conduction of
the device. Therefore, the current transport is dominated by thermionic emission of electrons
over a potential barrier induced by CG [117], i.e.,
* 2 q¢s

Ip=AA"T exp (_W) (3.6)
where A is the junction area, A* is the effective Richardson constant, T is the temperature, q
is the elementary charge, k is the Boltzmann constant, and ¢p is the effective barrier height.
This barrier height is determined by the electrostatic potential in the CG-controlled region. If
we assume that there is no induced charge in the channel under subthreshold operation, the
applied voltage on CG directly translates into a reduction of ¢ 5. Therefore,

App = —AVeg 3.7)

In contrast, in high-V configuration, a sufficiently positive voltage is applied to CG and PGp to
make sure there is no barrier inside the silicon channel. The current is therefore determined by
an effective Schottky barrier height at source. A positive voltage on PGg reduces the thickness
of the Schottky barrier at source, and the consequent enhancement of tunneling by Vpgs leads
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to areduction of ¢pp. Thus,
A¢p =-1-AVpgs (3.8)

where the coefficient n represents the dependence of the effective barrier height on Vpgs.
Since the tunneling probability is smaller than 1, 17 is also smaller than 1 [112-114].

Due to the lower efficiency of tuning the effective barrier height by PGg than CG, a higher Vpgs
than V¢ is needed to turn on the device. That results in a higher threshold voltage in this
configuration.

Through the above analysis, we can also explain the saturation trend of the drain current with
a large positive V¢ in low-V7 nFET configuration [V from 2.0 V to 3.0 V in Fig. 3.8(b)]. First,
when the applied voltage on CG goes above the threshold voltage, electrons are induced in the
channel, and the electrostatic potential in the channel gradually saturates [118,119]. More
importantly, when the bent conduction band edge is lower than the Fermi level in the source,
the current starts to be dominated by the source injection, and cannot be further modulated
by CG. Therefore, the current saturates at a large positive V¢g.

The above analysis is also applicable for pFET configurations. Tuning the effective barrier
height for holes by PGp is less efficient than tuning it by CG. Thus, higher voltage on PGp, is re-
quired to turn on the device in high-Vr pFET configuration. Similar to the nFET configuration,
the current also saturates in low-V¢ pFET configuration [V¢g from 0V to 0.7 V in Fig. 3.8(a)].

3.4.2 Effects of Structural and Physical Parameters

According to the previous analysis, the V7 difference is determined by the efficiency of tuning
effective barrier height, i.e., n in Eq. 3.8. Devices with different parameters related to this
efficiency are studied to show the effects of the parameters on the dual-V characteristics.

TCAD simulation provides a efficient method to perform this kind of study. By solving physics
equations with finite element method, TCAD simulation can predict device performance with
self-defined structural and physical parameters. In this thesis, all the TCAD simulation are
performed with Sentaurus Device, a commercial tool developed by Synopsys [120].

First, a single TIG SINWFET is simulated. The simulation employs drift-diffusion transport
in the silicon channel, while thermionic emission and quantum mechanical tunneling with
Wentzel-Kramers-Brillouin (WKB) approximation are used at the Schottky junctions [121].
The simulated SINWFET has the same structure than the fabricated one except that an op-
timized 2 nm gate oxide and a finely-adjusted Schottky barrier height (0.35 eV for electrons
and 0.75 eV for holes) are used. Fig. 3.9 shows the structure of the device and simulation
results. By optimizing the gate oxide, the performance of the device reaches levels of regular
advanced MOSFETs. Finely-adjusted Schottky barrier height also gives symmetric n-type and
p-type characteristics, which is important to achieve energy-efficient circuits with balanced

46



3.4. Discussion on Dual-V; characteristics

delay [115]. The simulated device reproduces all the key properties demonstrated in the mea-
sured characteristics, including the shared on-state current but different threshold voltages
in dual-V7 configurations, as well as the saturation trend of the on-state current in low-Vr
configurations.
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Figure 3.9: (a) Structure of the simulated TIG SINWFET, (b) Simulation results of the device,
showing the dual-Vt characteristic and polarity control.

Then, we simulated a series of devices with different parameters related to the efficiency of
tuning effective barrier height, including the oxide thickness (Tox), the radius of nanowire
(Rnw), the tunneling effective mass (my*) and the Schottky barrier height (SBHy,). The Vr
difference of pFET configurations of different devices is plotted in Fig. 3.10. The reduction
of Tox and Rnw enhances the electrostatic control of the gate, thus resulting in a thinner
Schottky barrier at a given gate voltage in high-Vr configurations. Tunneling current is thereby
improved and reduces the effective barrier height further [112], implying a larger n and a
decreased Vr difference. A smaller effective mass also results in a larger tunneling probability
and the Vr difference is consequently reduced. The V1 difference is also proportional to the
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Schottky barrier height. Other than the previous three parameters, a reduction of Schottky
barrier height for holes leads to an increase of Schottky barrier height for electrons. Thus,
tuning of Schottky barrier height can achieve a trade-off between V differences in n-type
configurations and in p-type configurations.

1.1¢ 0.75¢
10 0.70}
S 0.9
~ 0.8F 0.65F
> Rnw=15nm Tox=2nm
< 0.7F mh*=0.1 6m0 0.60}F mh*=0.1 6m0
0.6} SBH,=0.75eV SBH,=0.75eV
0-5 1 1 1 1 L 0.55 1 1 1 1 L
2 4 6 8 10 15 20 25 30 35
0.75. Tox (nm) 07e Rnw (nm)
0.6
0.70F
3 0.5F
[ 065 - 04 L
> Tox=2nm Tox=
4 0.3+ ox=2nm
0.60F Rnw=15nm Rnw=15nm
SBHh=O.756V 0.2F mh*=o_1 6m0

55 0.1 L
0.15 0.20 0.25 0.30 0.35 0.3 0.4 0.5 0.6 0.7 0.8
mp* (M) SBH;, (eV)

Figure 3.10: The V difference of pFET configurations in simulated devices. my is the free
electron mass. Stars represent the simulated device in Fig. 3.9.

3.5 Circuit and Physical Design

Recently, design with functionality-enhanced devices has been widely investigated, showing
design opportunities compared to CMOS technology [89,111,122-131]. Zukoski et al. proposed
universal logic modules to exploit the full potential of the embedded XOR function in the
devices [127]. De Marchi et al. studied the regular fabric design for Field-Programmable Gate
Array (FPGA) and structured Application-Specific Integrated Circuit (ASIC) applications [131].
O’Connor et al. introduced the fine-grain reconfigurable circuit design with the devices
[124]. Trommer et al. showed the efficient logic gate design enabled by the full symmetry
between p-type and n-type functionality in the devices [89], and Gaillardon et al. performed a
comprehensive study on logic and memory design as well as system-level impact [123].

Moreover, the dual-V characteristics of TIG SINWFETSs bring additional interest as circuits
can achieve either High Performance (HP) or Low Leakage (LL) by changing the connection
scheme on the devices.
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In this section, a circuit and physical design approach for dual-Vr circuits is proposed in
order to fully exploit the flexibility of TIG SINWFETs. By using both low-V7 and high-Vr
configurations, logic gates towards either high performance or low leakage applications are
efficiently implemented. An uncommitted logic gate pattern is introduced and basic logic
functions are mapped onto it using different connection schemes.

3.5.1 Dual-Threshold-Voltage Design

Delay and leakage of logic gates can be tuned by applying IVT and HVT configurations of
TIG SINWEFET. For example, Fig. 3.11(a) illustrates two inverters for HP and LL applications.
According to the device operation, the HP inverter is obtained by assigning the input signal
to the control gates of the two devices, while LL inverter is obtained by connecting the input
to corresponding polarity gates. Fig. 3.11(b) gives the transient results of the two inverters
using mixed-mode TCAD simulation. This evaluation takes into account the parasitics, such
as the impact of gate capacitances. Thanks to a low-Vr, the HP inverter demonstrates a 0.8 ns
propagation delay as compared to 1.4 ns of LL inverter. In contrast, the LL inverter consumes
a leakage power of 8.5 x 10™'* W as compared to 2.8 x 10~'3 W of HP inverter.
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Figure 3.11: (a) The different wiring schemes of the inverters with two identical devices
presented in Fig. 3.9. (b) Transient simulation of two inverters for HP and LL applications. The
load capacitance is assumed to be the same as input gate capacitance.

Fig. 3.12 further illustrates two different mapping schemes of NAND gate for HP and LL
applications. In Fig. 3.12(a), the HP gate is obtained by connecting inputs to the CG of
pFETs. Thus, the performance for pulling the logic gate up is improved by applying the LVT
configuration of the devices. In contrast, the LL gate (Fig. 3.12(b)) is obtained by controlling
the pFETs from the PGp. Leakage power is thereby reduced by forcing the devices into HVT
operation. In both HP and LL gates, PGg and CG of nFETs are connected to input signals to
realize the logic function.
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In a circuit, the signals A and B usually have different constraints. Since the CG of nFET
shows low-Vr capability, while the PGg of nFET shows high-V capability (as shown in Fig.
3.7(a)), we can map the signals in critical paths onto the CG and the signals belonging to
non-critical paths onto PGg. This method is also applicable for the pull-up path. Thus, the
delay and leakage of the NAND gates can be even better tuned with more mapping schemes.
Fine-grained dual-V1 design is thereby achievable with TIG SINWFETs.

S K
5 NSNS <

Figure 3.12: Mapping of NAND gate towards (a) HP and (b) LL application.

3.5.2 Additional Logic Implementation
By applying the single-input and two-inputs configurations in a single device, we can efficiently

implement both combinational and sequential functions in logic circuits with TIG SINWFETs.

1. Combinational Elements:

Fig. 3.13(a) presents an example of an AOI gate. Its functionality is obtained by applying

VDD VDD
A A A A
L ke = ke
"0’ '0" A A
F=A+BC F=AeB
"

S |

Figure 3.13: (a) AOI and (b) XOR gates implemented with TIG SINWFETs in a compact form.

(a)
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the configurations of 2 series pFETs/nFETs and LVT nFET. Thus, only 4 transistors are
needed for this AOI gate, instead of 6 conventional MOSFETs. In Fig. 3.13(b), an XOR
gate is mapped onto the same pattern as the AOI gate. In this XOR circuit, the DG
configuration of TIG SINWEFET is applied, which is efficient to implement binate logic
functions. The transistor count is significantly reduced as compared to 8 transistors in
conventional static CMOS technology.

Moreover, along with the characteristic of electrostatic polarization, more logic functions
can be implemented in a compact form [89, 126], showing the potential applications of
TIG SINWFET.

In conventional CMOS circuits, PMOS can only efficiently transmit ‘1’ and NMOS can
only efficiently transmit ‘0’. Due to the restriction of the full swing of output signal,
the Pull-Up Network (PUN) with PMOS can only be connected to Vpp and Pull-Down
Network (PDN) with NMOS can only be connected to GND. This is the conventional
implementation of the static CMOS circuits (Fig. 3.14(a)). When transmitting a variable,
CMOS transmission gate is necessary, which consists of complementary transistors.
With transmission gates, PMOS and NMOS are both on to avoid output signal degrada-
tion (Fig. 3.14(b)).

T VoD

A
N PUN L
Az, t—»F Cc— _F
PDN _?_
A
= GND
F1=F(A1,A2,..) F=AC+AZ

(a) (b)

Figure 3.14: (a) Static CMOS logic function, (b) Conventional CMOS transmission gate. Z is
the high-resistivity state.

In contrast, a polarity-controllable device is able to switch its polarity. This property
enables the design of other transmission gates corresponding to different logic functions.
Fig. 3.15(a) shows an XOR-based transmission gate, which is very efficient for binate
logic function implementations [111]. This property can be extended to the transmission
of variables using a single device. Indeed, by selecting the device polarity according
to the transmitted variable, it is possible to use a unique device. Since C determines
the device polarity in Fig. 3.15(b), single-input and two-input configurations of TIG
SiNWEFET (see Fig. 3.6 and Fig. 3.7) can be applied to obtain two novel transmission
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gates, respectively. By using this property, we can then extend the standard PUN/PDN
to transmit a variable. Therefore, the fixed Vpp and GND in original design are extended
to any complementary signals (Fig. 3.15(c)). More complex functions are thereby
derived from original functions without any additional transistors, with a compact
form intrinsically not implementable with conventional static CMOS logic or CMOS
transmission gates.

C
X5: m

|/ PUN
c— L—F
B A B A1,
\ 1/ F=AC+(AeC)Z Ao, BN
c | F
—_ = = PDN
7T~ BAC
B A B N1/ T .
c—I L—F C

F=A®B:-C+(AeB)Z F=ABC+(AeC+BeC)z 2=CFi(A1.A2..)
+C-F1(A1,A2,...)

(a) (b) ()

Figure 3.15: (a) XOR-based transmission gate, (b) Transmission gate with single polarity-
controllable device. Z is the high-resistivity state. (c) Compact implementation of logic
functions with polarity-controllable devices.

To illustrate this compact implementation in detail, an example of 1-bit full adder is
illustrated in Fig. 3.16, which is realized in a very compact form.

C
B B [ c
A } I: :I EK E} I: :I E A
B B C Cc

Sum Carry

B B C C
x}[ ]EA x}[ ]E;
B B B B

[9

Sum=AeBeC Carry=AC+BC+AB

Figure 3.16: Compact implementation of 1-bit full adder with TIG SINWFETs.
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The relationship between the original function and derived new function is shown in
Fig. 3.15(c). It is found that the sum and carry of 1-bit full adder can be directly derived
from 2-input XNOR and NAND functions. In the sum function, the two devices in either
PUN or PDN have complementary polarities, and hence transmit the third input C or C
without signal degradation. This also refers to the XOR transmission gate (Fig. 3.15(a)).
In the carry function, the polarities of all devices are determined by the complementary
signals C and C. Each device can be considered as a transmission gate shown in Fig.
3.15(b). When C="1’, itis the NAND gate as shown in Fig. 3.12(a). When C='0’, it becomes
a NOR gate. This is exactly the expected carry function.

In order to verify the proposed implementation, the carry function is simulated with
TCAD tool in mixed-mode [120]. Fig. 3.17 shows the transient simulation results,
validating the functionality in different input conditions.

2.0
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1005
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2.0

15

210

045

0.0
2.0

|
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Figure 3.17: Mixed-mode TCAD simulation of the carry function with the device in Fig. 3.9.

2. Sequential Elements:

True-Single-Phase-Clock D-Flip-Flop (TSPC DFF) is an efficient implementation of
storage element in synchronous circuits [132, 133]. Based on the configurations of
TIG SiNWEFET for 1-input and 2-input conditions, a TSPC DFF is implemented with 8
transistors, as compared to 11 transistors in conventional CMOS circuit (Fig. 3.18(a)).
The equivalent logic structure is given in Fig. 3.18(b). This rising-edge triggered DFF is
composed of 4 stages: a CLK-low enabled inverter at the first stage, a dynamic inverter
at the second stage, and a CLK-high enabled inverter at the third stage, followed by a
static inverter.

Fig. 3.19 shows another example, which demonstrates the application of the transmis-
sion gate built with TIG SINWFET. The asynchronous set/reset functions is implemented
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within the framework of TSPC DFF in Fig. 3.18 by adding only two transistors. In this
design, the transistors N1, N2 and N3 utilize the transmission gate with a single TIG
SiNWFET shown in Fig. 3.15(b). This design saves the area of 7 transistors as com-
pared to the CMOS TSPC DFF counterpart, and also significantly improves the timing
performance [134, 135].

| |
| |
| |
| | |

| | 0

CLK [ | | | [
0 I : I
D — | : |
| | |
o J ! | :
[ | | |
| | |
| | |
" I I I
| | |
(@) : | - :
l o l
| CLK=0 ' |
I Precharge |
[ | [: | [ |[
D | | | Q

CLK=0 | CLK=1 | CLK=1 |
(b) ' Evaluation ' '

Figure 3.18: TSPC DFF (a) implemented with TIG SINWFETs in a compact form, and (b) the
equivalent gate-level circuit.

GND

Figure 3.19: Implementation of TSPC DFF with asynchronous set/reset functions with TIG
SiNWFETs. N1, N2 and N3 implement the transmission gate with a single TIG SINWFET.
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3.5.3 Uncommitted Logic Gate Pattern

Regularity is one of the key features to increase the yield of integrated circuits at advanced
technology nodes [136]. If logic functions can be mapped onto an uncommitted pattern, the
layout regularity will be consequently improved.

Therefore, an uncommitted logic gate pattern built with four TIG SINWFETs is proposed in Fig.
3.20. There are two pull-up paths and two pull-down paths. Each path consists of only one
transistor. Even though this pattern is very simple, a large range of functions can be mapped
onto it with different configurations of TIG SINWFETs. For example, the unate and binate
logic functions and D-flip-flops presented in Sec. 3.5.1 and 3.5.2 can all be mapped onto this

uncommitted gate pattern.
PGD
CGE] EECG
PGS PGS

PGD PGD
CG;][ ]EECG
PGS PGS

PGD

Figure 3.20: Uncommitted logic gate pattern.

Although a single TIG SiNWFET is larger than a conventional MOSFET, the area gap of circuits
between the two technologies is reduced thanks to the lower transistor count and the lack of
ion-implanted wells in the fabrication. Moreover, in the proposed gate pattern, each pull-up
/pull-down path has only one series transistor. There is no internal node capacitance which
needs to be charged or discharged. The speed of circuits is consequently improved.

3.5.4 Connection Schemes for Uncommitted Gate Pattern

According to the presented mapping schemes, wiring on the uncommitted gate pattern can
implement different functions with fine-grained tuning of delay and leakage of circuits. In
order to maintain the layout regularity, the TIG SINWFETs and contacts are pre-fabricated
according to the uncommitted pattern proposed previously. It is worth pointing out that all
the devices are identical as their properties are tuned electrically, therefore uniformizing the
technology.

As observed previously, most of the TIG SINWFET access gates have a fixed polarity. Hence,
power and ground signals are spread all over the proposed logic gate pattern. In order to
minimize the routing effort for power lines, the power distribution network is consequently
optimized. A grid network is built with a mesh of power and ground lines. Based on this
novel power distribution grid, logic gates implementing different functions towards HP and LL
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applications are obtained by wiring metal lines on the pre-fabricated gate pattern. For example,
different connection schemes of NAND gate are demonstrated in Fig. 3.21, corresponding to
the HP and the LL configurations shown in Fig. 3.12, respectively.

Because a single TIG SINWFET has 5 terminals in a compact area, routing on these devices is
challenging. An additional metal layer may be needed for a convenient routing as compared
to CMOS technology. To mitigate routing efforts, a regular layout technique called sea-of-
tiles could be applied, which has shown the potential on routing and area utilization with
dual-independent-gate SINWFETs [137].

VDD
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B B sD
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G G
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D D
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(0] N
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Metal 2
VDD

NAND-HP NAND-LL

Figure 3.21: Connection schemes of NAND gate towards HP and LL applications.

3.6 Architectural Benchmarking

In this section, the effect of performance tuning and leakage power reduction by applying the
physical design approach for dual-Vr configurable circuits is discussed for logic gates and
benchmark circuits.

3.6.1 Methodology

To perform the benchmarking for large-scale circuits, a logic cell library is characterized using
Cadence Encounter Library Characterizer (ELC) with a table-based device model extracted
from TCAD simulation. The library consists of combinational logic cells INV, NAND, NOR,
XOR, XNOR, AOI, OAI in both HP and LL configurations. More than these basic cells, the
library also consists of the sum and carry functions implemented as in Fig. 3.16. To simulate
sequential circuits, a TSPC DFF with asynchronous set/reset is also characterized. All the
cells in the library are built from the uncommitted gate pattern described in Section IV. The
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area estimation of these cells is done according to the 22-nm design rules [36]. The impact
of proposed connection scheme is considered in cell area estimation. A wire-load model is
applied to take into account the capacitance and resistance of the interconnections. The
supply voltage of vertically-stacked TIG SINWFET library is 1.2 V.

Since we are demonstrating a design approach to implement dual-Vy circuits for standby
power reduction, a counterpart library with supply voltage of 0.9 V is built with Predictive
Technology Model (PTM) 20-nm Low-Standby-Power (LSTP) FinFET model [58]. The LSTP
FinFET library consists of all basic combinational cells and a TSPC DFF as in the TIG SINWFET
library [135]. Considering that the sum and carry functions cannot be implemented with
FinFET in such a compact form as with TIG SINWFET, these functions are not included in the
FinFET library. The area of a FinFET is also estimated according to the 22-nm design rules.

With both TIG SINWFET and LSTP FinFET libraries, combinational and sequential benchmark
circuits are synthesized by Synopsys Design Compiler. Circuit-level performances results are
extracted from the post-synthesis reports.

3.6.2 Table-Based Device Model

In order to estimate device performance at advanced technology node, a single TIG SINWFET
is simulated by using Synopsys Sentaurus [120]. Schematic of the device is shown in Fig. 3.22.
Diameter of the lightly p-type doped silicon nanowire is 15 nm. Three 24-nm metal gates with
mid-gap workfunction are placed on 5.1 nm HfO, high-«x dielectric layer (Equivalent Oxide
Thickness=0.8 nm). Schottky barrier height for electrons is set to 0.35 eV in the simulation
to get nearly symmetric n-type and p-type characteristics. This barrier height is achievable
in actual process by using barrier height modulation technique [138, 139]. The symmetric
n-type and p-type characteristics have also been observed in polarity-controllable SINWFETs
by applying radially compressive strain [115]. In the simulation, Vpp=1.2 V is applied. The
requirement of larger Vpp than conventional MOSFETs is due to the presence of Schottky
barriers and the longer channel length.

Figure 3.22: Schematic of simulated 22-nm TIG SiINWFET.
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This TIG SINWFET is simulated with the four configurations in Fig. 3.6. Dual-V characteristic
of TIG SINWFET is depicted in Fig. 3.23 in both linear and logarithmic scales. Solid lines
indicate the low-V7 configurations, and dash lines indicate the high-V7 configurations. The
threshold difference between the low-Vr and the high-V7 configurations is about 0.3 V.
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Figure 3.23: Transfer characteristic of simulated 22-nm TIG SiNWFET illustrating the dual-Vr
property - (a) linear scale, (b) logarithmic scale.

In conventional dual-V technology, the high-V; devices achieve lower leakage current but
also reduce I, compared to low-Vy devices. However, with TIG SINWFET, I,, of both low-
Vr and high-Vr configurations keep the same value since they share the same on states
shown in Fig. 3.5(a)(b). Thus, despite the degraded subthreshold slope (29% increase in
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simulation), the use of high-V devices reduces the leakage power consumption (by 86% in
simulation) without significantly degrading the speed of circuits. This is a natural advantage of
the dual-Vt technology based on TIG SINWFETs. Since velocity saturation has been taken into
account in the simulation, the characteristics above threshold voltage in LVT configurations
are approximately linear in Fig. 3.23(a) [140]. With even higher/lower V¢ in LVT nFET/pFET
configurations, the drain current saturates due to the limitation of source injection from the
Schottky barrier.

The performance of simulated TIG SiINWFET with different configurations is listed in Table
3.2. The subthreshold slopes were extracted at the lowest point following the methodology
in [10]. As discussed in Sec. 3.4, the control of the barrier height in the channel from CG is
more efficient than the Schottky barrier thickness modulation from polarity gates. Therefore,
LVT configurations demonstrate better subthreshold slope than HVT configurations. The
simulation result also shows that the leakage current of pFET can be significantly reduced by
effectively modulating the Schottky barrier thickness with HVT configuration. In contrast,
HVT and LVT nFET configurations demonstrate the same leakage current. The reason for this
is that, the leakage current is now dominated by thermionic emission over a potential barrier
induced by CG (LVT) or PGg (HVT). Differently from tunneling current, thermionic current
mainly depends on the barrier height, not the barrier thickness.

Table 3.2: Performance of simulated 22-nm TIG SINWFET

Configuration | Ion/Ios | Iogr [pA] | SS [mV/dec]
LVT nFET 108 0.21 64
LVT pFET 107 1.5 64
HVT nFET 108 0.21 86
HVT pFET 10° 0.025 79

With the help of TCAD simulation, a simple model for the proposed TIG SINWFET is written in
Verilog-A to enable circuit-level simulations. The equivalent circuit of a single TIG SINWFET

CG
C(CG,S)_J: }_C(CG,D)
COYYY I(D,S)@ D
Rs \NI\?/;A/
C(PGS,s) __ C(PGS,D)"G(PGD,S) ~—C(PGD,D)

-
PGs | L_ PGD

Figure 3.24: Equivalent circuit model of TIG SINWFET.
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is shown in Fig. 3.24. The current source is described by a table model extracted from
TCAD simulation. Access resistances are estimated according to the device geometry. Each
capacitance is extracted from TCAD simulation as an average value under all possible bias
conditions. The coupling capacitances between the gates are much smaller than the total
capacitance of the device, and therefore neglected in the model. According to the capability of
vertically-stacked silicon nanowire technology, we assume that there are four nanowires per
stack. The stack is modeled by parallel arrangement of single TIG SINWFET model.

3.6.3 Gate-Level Characterization

Table 3.3 lists the maximum delay under a load of four INVx1 gates, leakage power and area
of some logic gates. These gates are built with different configurations using the different V
modes of TIG SINWFETs. The traditional CMOS counterparts are realized with LSTP FinFETs.
The average comparison results are depicted in Fig. 3.25.

The LL TIG SINWFET gates demonstrate a leakage power reduction of 65% compared to LSTP
FinFET gates, at a cost of a 4% increase in delay. The low-leakage property stems from the

Table 3.3: Performance of logic gates with TIG SINWFET and LSTP FinFET

Logic Gates HP TIGNW | LL TIGNW | LSTP FinFET

Delay [ps] 22.2 25.3 20.5

INV | Leakage [pW] 4.02 0.56 6.43
Area [um?] 0.166 0.166 0.109

Delay [ps] 25.7 29.3 25.5

NAND | Leakage [pW] 7.17 1.11 6.88
Area [um?] 0.332 0.332 0.218

Delay [ps] 33.5 36.7 40.0

XOR | Leakage [pW] 15.23 6.15 41.36
Area [um?] 0.664 0.664 0.654

Delay [ps] 26.4 28.8 30.4

AOI | Leakage [pW] 7.19 4.60 7.06
Area [um?] 0.332 0.332 0.327

Delay [ps] 41.5 43.5 47.4

DFF | Leakage [pW] 239.7 176.7 257.4
Area [um?] 0.996 0.996 1.036
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Figure 3.25: Comparison results of logic gates with TIG SINWFET and LSTP FinFET.

good control of the thick Schottky barriers in the device that prevents carriers from tunneling
into the channel during off state.

The HP TIG SINWFET gates demonstrate a slight 6% reduction in delay as compared to LSTP
FinFET gates. Among HP gates, AOI and XOR gates and DFF show 15% gain in performance
and comparable area than FinFET, while INV and NAND gates show larger delay and area.
While INV and NAND gates have the same implementation as in CMOS and suffer from
the use of larger transistors, AOI and XOR gates and DFF are implemented on the proposed
uncommitted logic gate pattern in a very different way. Indeed, the gates have only one
transistor in each pull-up and pull-down path that is consequently of benefit to the different
metrics.

Noise margins were also characterized for the inverters. The HP inverter demonstrates noise
margins of 0.52 V for ‘1’ and 0.35 V for ‘0’ In contrast, noise margins of LL inverter are 0.60 V
for ‘1’ and 0.51 V for ‘0’. These results show 13% improvement compared to FinFET (0.38 V for
‘1’ and 0.36 V for ‘0’) when normalized to the supply voltages.

3.6.4 Circuit-Level Results

The performance and leakage power consumption with TIG SINWFETs and LSTP FinFETs are
evaluated for both combinational and sequential circuits.

1. Combinational Circuits Results:

Critical path delay, leakage power, and area of ISCAS’85 benchmark circuits are reported
for HP, LL, dual-V TIG SINWFET and LSTP FinFET libraries in Table 3.4 [141]. Fig. 3.26
shows the average comparison results.

HP library demonstrates comparable performance with 32% leakage power reduction
compared to FinFET library. While LL library shows a leakage power reduction of 78%,
but with a 32% increase in delay. In contrast, by applying HP gates in critical path and
LL gates in non-critical path, dual-V7 circuits with TIG SINWFET keep comparable
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performances but reduce the leakage power consumption by 53% compared to LSTP
FinFET circuits. An additional area cost of 28% is due to the larger size of TIG devices.
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Figure 3.26: Average comparison results of ISCAS’85 benchmark circuits with Dual-Vr TIG
SiNWFET and LSTP FinFET.

2. Sequential Circuits Results:

To compare the performance of sequential circuits built with TIG SINWFETs and LSTP
FinFET, the Verilog-To-Routing (VTR) sequential benchmark circuits are synthesized
[142]. Results are shown in Table 3.5 and Fig. 3.27.

Benchmark circuits with dual-Vy TIG SINWFET gates show the same performance
as with HP TIG SiNWFET gates, and also the same leakage power consumption as
with LL TIG SINWFET gates. Thus, comparable performance with 51% leakage power
reduction are achieved with dual-Vt TIG SINWFET compared to LSTP FinFETs despite
an additional area cost of 16%.

Note that, the results are obtained with logic synthesis tool which is efficient for unate
logic function. In contrast, TIG SINWFET is efficient at implementing both unate and
binate logic functions. Hence, it is expected to obtain even better performance of TIG
SiNWFET based circuits thanks to novel logic synthesis tools exploiting a large class of
functions [54, 143, 144].
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Figure 3.27: Average comparison results of VTR benchmark circuits with Dual-V TIG SINWFET
and LSTP FinFET.



3.7. Chapter Summary

3.7 Chapter Summary

This chapter demonstrates the dual-threshold-voltage characteristics of three-independent-
gate silicon nanowire FET. The uniqueness of the proposed device lays in the high degree of
configurability. By biasing separately the three independent gates, this device is configured as
n-type or p-type transistor in either high-Vr or low-Vr mode. The threshold voltage tuning
of this device is achieved by independently modulating the carrier transport at source/drain
interface and in the channel. By enabling the tunneling at Schottky barriers and controlling
the potential barrier in the channel, low-V7 configuration with earlier turn-on, is helpful
for improving the circuit speed. In contrast, by efficiently controlling the Schottky barriers
at both source and drain, high-V7 configuration achieves a suppression of leakage current
without sacrificing the on-state current, showing advantages over the conventional multi-V7
techniques.

This chapter also presents an efficient approach to implement dual-threshold-voltage con-
figurable circuits with TIG SINWFETs. Logic gates using these devices can be realized to
either fit high performance or low leakage applications, simply by wiring an uncommitted
gate structure. Moreover, a range of logic functions are realized in a very compact form by
utilizing the polarity and threshold controllability of TIG SINWFETs. By applying this strategy,
dual-Vr design is achievable without additional process steps for the SINWFETs. This property
increases the configurability of the circuits while reducing the process complexity compared to
dual-V7 technologies for conventional CMOS. Benchmarking results show that, before place
and route, comparable performance can be achieved with a 51% reduction of leakage power
consumption for circuits based on TIG SINWFET compared to low-standby-power FinFET
technology, at a limited 16% increase in area. The results can be further improved by using
novel logic synthesis tools targeting the intrinsic primitives supported by our devices.
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3.7. Chapter Summary
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Steep-Subthreshold-Slope Operation

In this chapter, we explore the capability of multiple-independent-gate transistors to break the
limit of the Subthreshold Slope (SS) in CMOS technology. Steep-SS operation is demonstrated
in a Dual-Independent-Gate (DIG) FinFET. After reviewing different kinds of devices which
achieve steep SS, the working principle of the steep-SS DIG FinFET is introduced. Then, the
device is comprehensively characterized. The device shows an average SS of 6 mV/dec over 5
decades of current swing at room temperature. Ultra-low leakage floor is also achieved with
high I,/ I ratio of 107. The steep-SS behavior is further discussed and feasible improvements
to enhance the device performance are consequently suggested.

4.1 Steep-Subthreshold-Slope Devices

The limit of the SS in conventional CMOS technology (~60 mV/dec at room temperature)
has been introduced in Chapter 1. This fundamental limitation becomes the bottleneck for
continuously lowering the operation voltages. In order to break this limit, new device concepts
employing different mechanisms other than conventional CMOS have been proposed and
demonstrated. This section introduces several steep-SS devices, which have been extensively
studied in literature.

1. Tunnel FET:

Tunnel FET (TFET) employs a n*-i-p* structure as shown in Fig. 4.1(a) [49]. The steep
SS in this device is achieved by injecting carriers into the channel by means of Band-
To-Band Tunneling (BTBT). First identified by Zener in 1934, the BTBT mechanism
describes that the carriers transfer from one energy band into another in heavily-doped
p*-n" junctions [145, 146].

The operation of TFET is based on the control of the band bending in the channel by
applying a gate bias. The band bending can switch the BTBT on or off, and therefore
turn the device on or off. As shown in the band diagram in Fig. 4.1(a), at off state, the
valence band edge of the channel is below the conduction band edge of the source. The
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Figure 4.1: (a) Structure and band diagrams of a p-type TFET at on and off states, illustrat-
ing the working principle of the TFET. (b) n-type TFET based on vertical III-V nanowire/Si
heterojunction and the characteristics with minimal SS below 30 mV/dec [147].
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BTBT is thereby suppressed. In contrast, with a sufficiently large negative gate bias at on
state, the valence band edge of the channel is lifted up above the conduction band edge
of the source, thus enabling BTBT.

TFETs have been demonstrated in experiments and simulations using different materi-
als, including silicon, III-V semiconductors, and carbon nanotube, etc. [49,114,147-150].
Tomiokal et al. shows a TFET based on vertical I1I-V nanowire/Si heterojunction, and
minimal SS below 30 mV/dec is observed in fabricated devices (Fig. 4.1(b)) [147]. Nev-
ertheless, in addition to the demand of an abrupt junction, the SS in TFET varies as
a function of gate voltage as compared to a constant SS in the subthreshold region of
MOSFETs [49]. This sensitivity of SS to gate voltage leads to a worse average SS over
the entire subthreshold region of TFET. As demonstrated in Fig. 4.1(b), the average SS
is only 80 mV/dec over 4 decades of current. Regarding the reliability, the quality of
the semiconductor/insulator interface in TFETSs is also more critical than in MOSFETs,
which is mainly due to the change in tunneling field induced by interface traps [151,152].



4.1. Steep-Subthreshold-Slope Devices

2. Impact-Ionization MOS:

With an electric field larger than a certain value, carriers in semiconductor can gain
enough energy to excite electron-hole pairs by a mechanism called impact ionization
[10]. By utilizing the carrier multiplication effect during impact ionization, Impact-
Ionization MOS (IMOS) achieves sub-5 mV/dec SS [52,153-155].

Fig. 4.2(a) illustrates the structure and the operation principle of IMOS. It features a
n*-i-p* structure with a gate partly covering the intrinsic region. When increasing the
gate voltage, the electric field above the threshold is obtained in the uncovered intrinsic
region. Therefore, impact ionization is triggered and finally avalanche multiplication
occurs. This multiplication leads to an abrupt increase of drain current. A steep SS is
consequently observed in IMOS.

Toh et al. demonstrate a IMOS with SiGe impact-ionization region (Fig. 4.2(b)) [155].
Despite of the steep SS, IMOS requires high Vpg (>5 V with SiGe channel in Fig. 4.2(b))

10°
L] s E -4
iGe Nanowire = 10°f 1
3 i 10"
SiGe Source SiGe Drain S ;
~ 6 VDS=575V
£ 10°F
£
... 5w} 3
.............. f i £ \
E 10—3 @ Si-SD/SiI-FinFET ]
wﬁ‘ 111 111 [N | Q e SiGe-SD/Si I-FinFET
Elll]] 111 Il |

107 0 SiGe-SD/SiGe I-FinFET]
(b) -0.5 0.0 0.5 1.0 1.5

Gate Overdrive Vg - V, [V]

Figure 4.2: (a) Structure and band diagrams of a n-type IMOS at on and off states, illustrating
the working principle of IMOS. (b) An IMOS with SiGe impact-ionization region, and the
steep-SS characteristics obtained with Vpg =5.75V [155].
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to trigger the avalanche multiplication, which limits its application in low-power cir-
cuits. In addition, the generated high-energy hot carriers in IMOS also cause important
reliability issues, such as large threshold voltage shifts and SS degradation [154, 156].

3. Feedback FET:

The feedback FET is also based on an asymmetric structure similar to TFET and IMOS
as shown in Fig. 4.3(a) [157]. It achieves a steep SS based on a positive feedback between
the flow of carriers and their injection barriers. As illustrated in the band diagram in Fig.
4.3(a), the barriers for carrier injection are formed by the trapped charges in sidewall
spacers. When turning on the device, electrons flowing in the device decreases the
injection barrier for holes, and more holes into the channel further lower the injection
barrier for electrons, thus forming a positive feedback.

(a)
Vg>>Vr
= _ Vp>0V
V,, Sweep: OFF- to ON-State| [ Veg sweep: ON-to OFF-state
4
10 " nFET Vesy, 10 : 1
10° . — o 71
3
3
d H -
Lg=0.31;,.tm‘ )
(b) 24 28

Figure 4.3: (a) Structure and band diagrams of a feedback FET at on and off states, illustrating
the working principle. (b) the steep-SS characteristics in a feedback FET during turn-on and
turn-off, showing the large hysteresis [157].
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Padilla et al. demonstrate the steep SS in the feedback FETs, in which trapped charges in
sidewall spacers are applied to form the barriers for carrier injection (Fig. 4.3(b)) [157].
Recently, Wan et al. reports another type of feedback FET by forming injection barriers
with an additional back-gate bias [158].

As shown in Fig. 4.3(b), feedback FETs demonstrate characteristics with steep SS but also
large hysteresis due to different mobile charge densities in on and off states [157]. The
large hysteresis also significantly degrades the effective SS. In addition, the formation of
barriers with trapped charges requires a programming operation with high voltages to
inject charges into the sidewall spacers.

4. Nanoelectromechanical FET:

Nanoelectromechanical FET (NEMFET) realizes a steep-SS switch with nanoelectrome-

chanical components [159-161]. Kam et al. propose a NEMFET with a suspended

gate as shown in Fig. 4.4(a) [159]. The device is off due to the fully-depleted channel

when gate is in contact with the dielectric. When increasing V¢ to a threshold voltage,

the gate abruptly pull away from the channel due to the spring restoring force. As a

result, the current abruptly increases, showing a steep SS. Recently, Kim et al. experi-
Fully depleted

gate
channel
-

D
OFF ON

Suspended NW

1 L
14 15 16 17 18
Vo (V)

Figure 4.4: (a) NEMFET with a suspended gate [159], (b) NEMFET with a suspended nanowire
channel [160].
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mentally demonstrate a NEMFET by employing a suspended nanowire as conducting
channel [160]. The structure and characteristics are shown in Fig. 4.4(b).

However, similar to feedback FET, NEMFET also suffers from hysteresis and reliability
issues due to the movable components. Vacuum packaging is also needed in the proper
functioning and long term reliability to suppress stiction and control damping [162,163].
Furthermore, NEMFET does not begin to conduct current until sometime after the gate
turn-on voltage is applied, which also increases the delay of the switch operation [164].

5. Negative-Capacitance FET:

V
VG G I G
—I— Ferroelectric Cpg <0
N T
G ox metal c
b
— — ;
i T°

(@) T (b)

Figure 4.5: Structures and equivalent capacitive partition schematic of (a) conventional MOS-
FET and (b) negative-capacitance FET with ferroelectric gate material.
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As introduced in Chapter 1, the SS in conventional MOSFETs can be written as

0V kT

SS -—1In10 (4.1)
0

By considering the MOSFET as a capacitive partition (Fig. 4.5(a)), it is derived that

o0V _,, Ca 4.2)
a‘PS COX

where Cyy is the oxide capacitance, and the Cy is the depletion capacitance in the
channel.

In conventional CMOS technology, the effort of applying FinFET or ultra-thin-body
channel with high-« dielectric aims at C4/Cyx as small as possible to obtain better SS.
However, 0V5/0¢; = 1 still lets the SS above the thermal limit.

In contrast, Negative-Capacitance FET (NC-FET) inserts ferroelectric materials that
show negative capacitance into the gate insulator stack (Fig. 4.5(b)). The negative-
capacitance property gives the opportunity to obtain 0V;/d¢ps < 1 [165]. Therefore, the
NC-FET can also demonstrate a steep SS below the thermal limit [166].

NC-FET is a topic of great interest in steep-SS device technology. However, it is still
expecting more theoretical work on the mechanism and experimental work on the
performance enhancement, such as improving average SS and non-hysteretic operation
[166-170].



4.2. Working Principle of Steep-Subthreshold-Slope DIG FinFET

In the following part of this chapter, a steep-SS operation in a DIG FinFET is presented. The
steep SS is achieved by introducing weak impact ionization induced feedback with dynamic
modulation of Schottky barriers. The measured characteristics show a very steep average SS
over the subthreshold region with high I,/ I, ratio, as well as negligible hysteresis and good
reliability.

4.2 Working Principle of Steep-Subthreshold-Slope DIG FinFET

Chapter 3 introduced the dual-Vr characteristics of multiple-independent-gate FETs with
silicon nanowire channel. In this chapter, we further demonstrate the steep-SS operation in
multiple-independent-gate FETs by using a FinFET structure. Despite of different channel
structures, the working principle is also applicable to multiple-independent-gate SINWFETs.

For the steep-SS operation, we consider the DIG silicon FinFET as shown in Fig. 4.6, in which
PGg and PGp are connected together to bias the Schottky barriers. To better indicate their role
during operation, the connected polarity gates are renamed as Schottky Barrier Bias (SBB),
and the control gate is simply called Gate (G) in this chapter.

Figure 4.6: Structure of a dual-independent-gate silicon FinFET.

First, it is worth mentioning that the device keeps the capability of polarity control by using
SBB to modulate the Schottky barriers and select the carrier type. Thus, it can also provide
high computational density thanks to the enhanced functionality.

Then, the principle of the steep-SS operation in the device is shown in Fig. 4.7. For n-type
behavior, i.e., when Vsgg > 0, the Schottky barrier at source is thin enough, thus electrons are
selected to tunnel through the Schottky barrier into the channel. When Vj; is at the threshold
voltage, a transition occurs in the device. Electrons flowing in the channel may gain enough
energy to trigger the weak impact ionization, which generates electron/hole pairs (Step 1).
The generated electrons drift to the drain, and the holes accumulate in the potential well
induced by the gate (Step 2). This lowers the potential barrier in the channel, and provides
more electrons for impact ionization. Then, more accumulated holes continue to lower the
barrier and thus form a positive feedback [171-178].
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n-type 6
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Figure 4.7: Band diagram of n-type (Vsgg > 0) and p-type (Vspp < 0) operation in DIG FinFET.
Main switching mechanisms: 1: impact ionization, 2: generated carriers accumulating in the
potential well induced by the gate, 3: carriers swept towards the SBB region. When completely
on, impact ionization and potential well vanish.

FinFET structure provides superior gate control of impact ionization, thus enhancing carrier
multiplication [155]. Moreover, another important contribution is from the dynamic mod-
ulation of the Schottky barrier. Parts of the generated holes are swept towards the source,
increasing the hole density in the SBB region at source (Step 3). Quasi-Fermi potential in the
region controlled by SBB at source also increases during the switch operation. This is due
to the reduced resistivity at the junction between the gate-controlled region and the region
controlled by SBB at drain. The increased hole density and quasi-Fermi potential help to
lower the energy band under the SBB at source. Therefore, Schottky barrier at source becomes
thinner and more electrons tunnel through it. In the meantime, the potential well under
the gate is kept, allowing Step 2 to occur longer until the final on state. This mechanism
improves the I,/ I ratio, and is considered as a key to achieve steep transition over the
entire subthreshold region. The operation of p-type is similar but with Vggg < 0.

To better illustrate the operation principle, Fig. 4.8 shows the TCAD simulation of a DIG
FinFET with gate length of 100 nm, 2 nm SiO; and fin width of 40 nm. Polarity of the device
changes by adapting the polarity of Vsgg. Steep-SS transition is observed in both n-type (~5
mV/dec) and p-type (~35 mV/dec) (Fig. 4.8(a)). A sudden change of the surface potential just
before and after the on state is observed under both Gate and SBB in Fig. 4.8(b). The hole
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density in the device shows the accumulation of holes after the on state as predicted in the
mechanism (Fig. 4.8(c)).

(b) —— just before on state: (A) _
a0k e just after on state: (B) Hole Density
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Figure 4.8: (a) TCAD-predicted device characteristics. The device polarity changes by adapting
the polarity of Vggg. (b) Surface potential distribution just before and after on state (n-type).
(c) Hole density showing the accumulation of holes under Gate and SBB.

4.3 Device Characterization

The DIG FinFET is fabricated following the process flow presented in Chapter 2. The device is
then extensively characterized under different temperature conditions.

4.3.1 Room-Temperature Characterization

Fig. 4.9 shows the measured characteristics of the DIG FinFET. Minimum SS of 3.4 mV/dec is
achieved with Vpg = 5V. When decreasing Vpg, the lateral electric field is reduced. Thus, the
impact ionization rate decreases, and the SS gradually degrades to 61 mV/dec at Vps=1V.
It is also observed that SS below 10 mV/dec and 60 mV/dec are obtained with Vpg = 4V
and Vpg = 2V, respectively. The applied Vps are much smaller compared to IMOS [155],
confirming the weak impact ionization in the DIG FinFET rather than avalanche breakdown
in IMOS. Moreover, compared to counterparts with significant hysteresis [157,179], double
sweep shown in the inset of Fig. 4.9 confirms the negligible hysteresis in the characteristics of
the DIG FinFET. The gate induced drain leakage is also well suppressed at Vg =—-1V.

Fig. 4.10 illustrates the SS as a function of drain current. The average SS of 6 mV/dec is
observed for 5 decades of current at Vps = 5V. When decreasing Vpg, not only the minimal
SS, but also the average SS degrades. It is clearly shown in this figure that the steep SS exits at
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much lower current level with smaller Vpg. The reason is that smaller surface potential under
the gate is required to maintain the lateral electric field for impact ionization with reduced
Vps. The smaller surface potential thus leads to lower drain current with steep SS.

10
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__ 10
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-10
g 10 —o—forward sweep
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Figure 4.9: Measured characteristics of the DIG FinFET at different Vpg with Vggg =5V. Inset:
double sweep showing negligible hysteresis and the minimal SS of 3.4 mV/dec.

VSBB=5V -
W;,=40nm

Subthreshold Slope (mV/dec)

10" 10" 10" 10 107 10°
Drain Current (A)

Figure 4.10: SS as a function of drain current with different Vpg, showing average SS of 6
mV/dec for 5 decades of current with Vpg = 5V. Dash line indicates the 60 mV/dec limit.

76



4.3. Device Characterization

Vsgp controls the tunneling of carriers from the Schottky barriers, and therefore modulates
the SS and I,/ Iof ratio. As shown in Fig. 4.11, with the same Vpg, higher Vsgg improves both
SS and I,/ I ratio thanks to a better control of Schottky barriers.

10
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g 10°
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L
510
(":) 1o SSmin=44mV/dec
E " _._ VSBB=4V
010 SSmin=53mV/de
10_13 + VSBB=3V
SSmin=60mV/dec
-14 o v ] ]
10 -1.0 -0.5 0.0 0.5 1.0
Vi (V)

Figure 4.11: Ip — Vi characteristics at different Vsgg. The SS and I,y / Iy ratio are both im-
proved with higher Vgpp.

DIG FinFETs have the capability of polarity control by changing the polarity of Vsgg. Fig. 4.12
shows the measured rn-type and p-type characteristics in the same device with Vpg =4V.
Both n-type and p-type characteristics show Ioy/ I ratio above 107. The steep SS is observed
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Figure 4.12: Measured n-type and p-type characteristics in the same DIG FinFET. The polarity
of Vspp determines the device polarity. Steep SS is achieved in n-type operation.
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in n-type operation, where the minimal SS is 12 mV/dec. In contrast, the minimal SS of
p-type operation is above 60 mV/dec due to a lower impact ionization rate of holes. The
effect of the ionization rate of holes on the p-type operation will be further discussed through
a temperature-dependent characterization since the ionization rate varies with different
temperatures.

Fig. 4.13 illustrates the statistical distribution of SS in all measured DIG FinFETs under different
operation voltages. At operation voltage of 5V, 63% of the measured devices demonstrate
SS below 10 mV/dec. The SS in 100% of the devices is below 50 mV/dec. When reducing
the operation voltage to 4 V, there are still 80% showing SS below 50 mV/dec. The statistical
study not only confirms the very steep SS in DIG FinFETs, but also shows the good yield of
the steep-SS transistor fabricated with the presented process flow even with the academic
cleanroom facilities.

SS (mV/dec)

= <10
= 10~20
= 20 ~30
= 30~40
= 40 ~ 50
= >50

VSBB=VDS=4V
(b)

Figure 4.13: Statistical distribution of SS of the DIG FinFETs under different operation voltages.
(a) 63% of the measured devices are working with SS < 10 mV/dec at Vsgg = Vps =5V. (b) 80%
of the devices show SS below 50 mV/dec at Vsgg = Vps =4V.

Interestingly, an ambipolar steep-SS characteristic is observed in Fig. 4.14. The steep SS
at Vg ~ —0.5V in the n-branch is due to the feedback induced by weak impact ionization.
Another steep SS in the p-branch is obtained when applying a strong negative gate bias. It is
considered as an IMOS-like operation due to avalanche breakdown. The threshold voltage
and SS in p-branch consequently show larger sensitivity to Vps compared to the n-branch
because of different mechanisms.

4.3.2 Temperature-Dependent Characterization

In order to study the temperature dependency of the steep SS and the effect of ionization
rate of holes in p-type operation, DIG FinFET is characterized under different temperatures
ranging from 100 K to 380 K.
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17mV/dec omV/dec

Drain Current (A)

12 10  -08  -0.6 0.4
Vs (V)

Figure 4.14: Ambipolar characteristics with steep SS in both n-type and p-type branches.

The n-type characteristics at different temperatures are shown in Fig. 4.15(a). The steep SS is
observed from 100 K to 380 K without significant degradation. With decreased temperature,
Iyn and I,¢ decrease but the threshold voltage increases. The minimal SS values obtained for
different Vps and temperature conditions are reported in Fig. 4.15(b). The results show that
the SS can be significantly improved by increasing Vps. When Vpg = 3V, the device shows
a SS well below thermal limit from 300 K to 380 K. In contrast to the normal-SS operation
(Vps = 2V), the lines with Vpg = 3V in Fig. 4.15(b) shows smaller slope, which indicates a
reduced sensitivity to temperature.
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Figure 4.15: (a) n-type characteristics with steep SS at different temperatures, (b) Minimal SS
extracted at different temperatures and Vpg.
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Compared to the steep SS in n-type characteristics, the p-type behavior of the device at
room temperature is similar to normal MOSFETs. The weaker impact ionization in p-type
characteristics than in n-type operation is considered as due to the lower impact ionization
rate of holes than electrons, which is caused by a much larger phonon scattering rate of holes
than electrons [10, 180].

Since the ionization rate decreases with higher temperature, the high-temperature p-type
characteristics are also similar to normal MOSFETs. In contrast, the main concern in the
p-type operation is at low temperatures that enhance the ionization rate. Therefore, it is
interesting to try to also observe the impact ionization induced SS improvement in p-type
configuration by lowering the temperature.

As shown in Fig. 4.16(a), there is nearly no improvement of SS by increasing Vpg from 2 V
to 4 Vwith Vsgg = —1V at 200 K. However, by further lowering the temperature to 100 K in
Fig. 4.16(b) or increasing Vspp to —2V in Fig. 4.16(c), the Vps-dependent SS becomes evident,
according to the enhancement of the impact ionization with lower temperature and/or higher
electric field.
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Figure 4.16: (a)-(c) p-type characteristics with different Vsgg and Vpg at 100 K and 200 K. (d)
SS of n-type and p-type configurations at low temperatures.
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4.3. Device Characterization

Fig. 4.16(d) summarizes the SS under low temperatures and different Vsgg conditions for both
n-type and p-type operations. The steep SS in n-type behavior at low temperatures keeps
the reduced sensitivity to temperature similar to the high-temperature range. For p-type
operation, although still above the thermal limit, the SS becomes less sensitive to temperature
when Vsgg = -2V, similarly to the n-type behavior.

4.3.3 Influence of Fin Width

The dependency of the steep SS and the threshold voltage V1 on the width of the fin (Wgy,) is
also studied. DIG FinFETs with the W5, of 40 nm, 50 nm, and 60 nm are fabricated on the same
wafer. The characteristics of these devices with different W5, are shown in Fig. 4.17(a). The SS
does not significantly depend on Wy, in the range of 40-60 nm, while V7 increases in devices
with a thinner fin, similar to conventional SOI and double-gate MOSFET with fully depleted
channel [119, 181]. The device with Wy, = 40nm shows better electrostatic control of the
Schottky barriers, thus enhancing the I,/ I ratio. The statistics based on all the measured
devices (~50) at lower voltages support the observed dependency as shown in Fig. 4.17(b).

1.2

1qb Vos=4V

1.0f g @y .

Average:

Drain Current (A)
SS/V; normalized to average

0.9F SS=44mV/dec]
=-S5  v,=0.33V
-V,
0.8 . .
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Vs (V) Wi (NM)

(a) (b)

Figure 4.17: (a) Measured characteristics in devices with different Wy, at Vsgg = Vps =5V. (b)
Statistics of SS and V1 based on all measured devices (~50) at lower voltage (Vsgg = Vps =4V),
confirming the dependence of Vr on Wyy,. The values are normalized to the average value.

4.3.4 Influence of Potential Well under Gate

As discussed in the working principle, the potential well under the gate built with the SBB
region is a key to achieve SS far below the thermal limit. Carriers accumulate in the potential
well, thus forming the positive feedback. In order to show the effect of the potential well and
the SBB region, a FinFET with a single SBB region is built (Fig. 4.18(a)). The operation of this
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Chapter 4. Steep-Subthreshold-Slope Operation

device is shown in Fig. 4.18(b). In this device, a single SBB region controlling the Schottky
barrier at drain to block holes tunneling. Gate controls the Schottky barrier at source and
electrons tunneling, thus turning the device on or off. The channel length and the impact
ionization region are the same as in the proposed device. However, there is no potential well
for accumulating holes under the gate due to the absence of the SBB at source, leading to a
very weak positive feedback. This device is fabricated with the DIG FinFETs on the same wafer
to minimize unexpected process variations (Fig. 4.18(c)).

Figure 4.18: (a) Sketch of the FInFET with a single SBB region. (b) Band diagram shows no
potential well under the gate, leading to a weak positive feedback. (c) SEM image.
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Figure 4.19: (a) Characteristics of the single-SBB FinFET with biases on SBB and drain up to 6
V. (b) SS as a function of drain current.
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4.3. Device Characterization

Fig. 4.19 shows the characteristics of the single-SBB FinFET. As a result of the weak positive
feedback, the minimal SS is slightly below 60 mV/dec with even higher biases on both SBB
and drain. The steep-SS operation is kept for less than 2 decades of current. This result verifies
the importance of the potential well and the SBB at source.

4.3.5 Reliability Assessment

According to the working principle of the steep SS in DIG FinFET, the weak impact ionization
only occurs at low Vg, where the lateral electric field is large enough to accelerate carriers
to the threshold energy for impact ionization. When increasing V, the lateral electric field
decreases due to a sudden potential drop caused by the feedback, and the impact ionization
finally vanishes when the device completely turns on. This is also observed in the output
characteristics in Fig. 4.20. The impact ionization induces a non-saturated current at low
Vi and high Vpg, which is similar to the well-known "kink" effect in SOI MOSFETs [182]. As
indicated by the dots in Fig. 4.20, the required Vpg to trigger this effect is below 2 V with
Vi = —0.2V, then significantly increases with higher V;. When V; = 0.5V, this effect can no
longer be observed.

WFin=60nm
20 _VSBB=5V VG=1 V -

Drain Current (nA)

Vs (V)

Figure 4.20: Output characteristics of the DIG FinFET. Impact ionization occurs at low Vg, but
vanishes when the device is completely on (high V).

Compared to IMOS, which is based on strong impact ionization (i.e., avalanche breakdown)
and suffers from reliability problems, the weak impact ionization in DIG FinFETs requires
lower Vps and only occurs during the transition. Thus, good reliability can be achieved in the
DIG FinFETs.

Hot carrier injection and bias temperature instability are two main concerns in device reliabil-
ity [183,184]. Carriers with high energy (hot carriers) may be injected into the gate dielectric
and get trapped or cause interface states to be generated. The resulted defects will lead to
threshold voltage shifts and transconductance degradation of the device. On the other hand,
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Chapter 4. Steep-Subthreshold-Slope Operation

when devices are stressed with a constant gate voltage, positive charge can build up either at
the interface or in the gate dielectric, and also leads to performance degradation.

Fig. 4.21 shows the reliability assessment of the DIG FinFET with steep-SS operation (SS
<10 mV/dec). In Fig. 4.21(a), the stress condition of large Vps up to 4 V is applied to test
the hot carrier injection. While in Fig. 4.21(b), The negative bias temperature instability is
tested under the stress condition of Vi; = —0.8V. With different stress periods, no significant
degradation is observed in terms of threshold voltage, I,/ I ratio or SS, which proves the
good reliability of the DIG FinFET.
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Figure 4.21: Reliability assessment of the DIG FinFET during the steep-SS transition: (a) hot
carrier injection and (b) negative bias temperature instability with different stress periods.

4.3.6 Low-Voltage Operation

Moreover, considering the low doping concentration (~ 10'5/¢m3) and the thin thickness, the
fin-shaped channel is fully depleted. Therefore, the device exhibits an excellent electrostatic
control at low operation voltages (both Vsgg and Vps) down to 0.5 V. Subthreshold slope close
to the thermal limit and a good control of DIBL effect are observed in Fig. 4.22.

4.4 Discussion

This section analyzes the steep-SS behavior and the formulas. Then, based on the discussion,
feasible improvements are suggested to improve the device performance.

This study builds on the results obtained for SOI-based steep-SS transistor, which is also
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Figure 4.22: Characteristics of DIG FinFET under low operation voltages. (a) Near-ideal SS and
high I,/ I ratio show the excellent electrostatic control, (b) Output characteristics show a
good control of the DIBL effect.

based on the impact ionization induced feedback [172]. Similarly to the SOI-based device, the
expression of SS in DIG FinFET is derived as:

kT
SS§= 7ln10-n (4.3)

In this equation,

1+r
n=
dVgs
1+r
and

2&sitox

r=—
Eoxlsi

where £gj/0x and si/0x stand for the dielectric constant of silicon/gate dielectric and the thick-
ness of the fin/gate dielectric, respectively.

In the DIG FinFET, V3 is the potential at the middle point between the two sidewalls of the fin
in the gate-controlled region as shown in Fig. 4.23(a). V3s is the difference between V3 and
the voltage at source. In contrast, V5 in the SOI-based device stands for the potential at the
bottom of the silicon channel [172]. Although the positions of Vg indicated in DIG FinFET
and SOI-based device are different, they both represent the locations where the accumulated
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Chapter 4. Steep-Subthreshold-Slope Operation

charges are stored, thus having similar effects on the steep-SS operation.

The DIG FinFET structure consequently excludes the influence on the SS from a back bias
applied through the SOI wafer. It has been validated on the device by varying the back bias
from -4 V to +4 V. As a result, a consistent subthreshold behavior, i.e., the same steep SS
(~18 mV/dec) and V7, is observed under different back biases as demonstrated in Fig. 4.23(b).
The difference of I, with different back biases is due to the insufficient control of the Schottky
barriers at the bottom of the fin. The back bias can provide enhanced control of the Schottky
barriers as an additional SBB from the bottom of the channel. Therefore, I, is enhanced with
larger back bias. This result also implies that a better control of the Schottky barriers at the
bottom of the channel, such as producing fully silicided pillars at source and drain, can help
to improve the drive current of the device.
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Figure 4.23: (a) Vg indicates different positions in DIG FiInFET and SOI MOSFET. (b) The back
bias (Vgup) applied to the SOI wafer shows no influence on the steep SS or V7 in DIG FinFET.

Eq. (4.3) also shows that when dVgs/dVis < 1, a small r will lead to a SS approaching the
thermal limit. This explains why scaling conventional MOSFET efforts tend to thin the gate
oxide. However, when the carriers generated by impact ionization charge the body, it is
possible to have dVgs/dVgs > 1. In this case, a large r (i.e., thick gate oxide) can magnify the
feedback and further reduce the SS. Therefore, in this kind of steep-SS devices, the scaling
down of #,x can be relaxed.

In the presented n-type characteristics of the DIG FinFET, the SS below thermal limit indicates
that dVgs/dVgs > 1. In contrast, the SS of the p-type characteristics is beyond the thermal
limit with dVgs/d Vs < 1. Nevertheless, the improvement of SS with increased Vsgg and Vpg
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(Fig. 4.16) implies that a SS below thermal limit may be also achieved in p-type operation by
further optimizing d Vgs/d Vgs.

To better understand this operation, Fig. 4.24 shows dVps/d Vs extracted from the n-type
characteristics according to Eq. (4.3). When Vps = 2.5V, dVgs/d Vs starts to be larger than
one. When Vpgs = 3.5V, it is observed that dVgs/dVgs significantly decreases with higher
temperature. In addition, d Vgs/d Vs also increases with larger Vps.

Vps=2V ~ 5V 4 r T=300 K ~ 380 K
with step=0.5V 2 with step=20 K

"300 320 340 360 380 " 2.0 3.0 4.0 5.0
T (K) Vos (V)

(@) (b)

Figure 4.24: Extracted d Vgs/d Vs from the n-type characteristics shown in Fig. 4.15 at different
temperatures (T) and Vps.

An expression is then derived to describe the temperature-dependent behavior of dVgs/d Vs.
By extending the analysis on SOI-based device to DIG FinFET [172, 185], the expression for
n-type operation is obtained as:

dVis _m 1
dVss T n L+ Igel Igi 4.4)
m q (VGS VB_VB,SBBS) ( ﬁil) '
x —exp | —|— - ——"||-exp|-
kT n m Vbs

where Ig, is the off -state leakage current and Ig; is the impact-ionization current [172]. §; is a
constant and [ is a structural parameter. m is the ideality factor of the junction between the
gated region and the region controlled by the SBB at source (SBBs). Eq. (4.4) well captures the
dependency of dVgs/d Vs on temperature and drain bias in Fig. 4.24.

Note that, there is a significant difference in Eq. (4.4) compared to the SOI-based devices: the
centric potential at the SBBs region (Vg sgps) replaces the Vs in [172]. Compared to the fixed
Vs, VB sBBs continuously increases during the transition thanks to the increase of quasi-Fermi
potential and the effects of the holes generated by the impact ionization. Thus, the improved
dVgs/dVis during the transition can support a better SS over the subthreshold region. As
already demonstrated by the characterization, the DIG FInFET has much better SS compared
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Chapter 4. Steep-Subthreshold-Slope Operation

to the similar device but without the SBB region at source. This shows the importance of the
Gate-SBBs junction in the feedback operation. A better control on the SBB region, such as
tuning the oxide thickness and the fin width at the SBB region, can thus further optimize the
device performance.

Eq. (4.4) also suggests that lower leakage current I, helps to improve the SS. With a very small
I, dVBs/dVgs > 1 may be triggered by a very small impact-ionization current Ig;, and hence,
by alow Vpgs. Therefore, a gate-all-around nanowire structure with low density of defects may
be applicable for future improvements.

Through the above study on the steep-SS operation in DIG FinFETs, the following feasible
improvements on the device performance are suggested.

First, the device performance can be improved by applying an optimized process with scaled
dimensions and technology boosters, such as strain technology for enhancing the carrier
mobility and tuning ionization rates [115, 186-188]. As a Schottky-barrier device, the drive
current is limited by the Schottky-barrier height. Thus, a reduced Schottky-barrier height for
electrons improves the drive current of n-type configuration. Furthermore, a channel material
with smaller bandgap can be used to form lower Schottky barriers for both electrons and holes,
thus improving the drive currents for both n-type and p-type configurations [189].

Towards low-power applications, the steep-SS devices are desired to operate with a sufficiently
low Vps. The strategy to reduce Vps for DIG FinFETs is consequently discussed as follows.

First, as demonstrated in [173], a similar steep-SS operation is achieved in a 25 nm SOI device
with Vps = 1.2V. With the additional aid of the DIG structure, the dynamic modulation of
Schottky barriers can further improve the average SS. Therefore, the DIG FInFET with deeply
scaled dimensions and optimized source/drain resistance may require a Vpg < 1.2V, which is
close to the threshold energy to trigger impact ionization in silicon as the bandgap of silicon is
~1.12 eV at 300 K.

On the other hand, as discussed above, the steep SS indeed depends on the ratio between
the impact-ionization generation and the recombination. Although with fewer generation,
the impact ionization can still occur with a sub-bandgap drain bias [190,191]. Thus, a steep
SS below thermal limit is still conceivable with a sub-bandgap drain bias if the feedback
is optimized with the improvements for leakage reduction, such as applying a low-defect
nanowire structure.

In addition, the threshold energy to trigger impact ionization decreases with the decreasing
bandgap of the material [10]. Thus, the required Vpg can also be reduced by replacing silicon
with other materials with smaller bandgap or higher impact ionization rate, such as germa-
nium or carbon nanotube [192]. This is consistent with the suggestion for improving the
drive current. For instance, the bandgap of germanium is ~0.66 eV at 300 K, giving enhanced
ionization rates for both electrons and holes [10]. In this respect, the inherent suppression

88



4.5. Chapter Summary

of off-currents in the DIG-FET approach allows to keep I, sufficiently low as a further re-
quirement for obtaining steep slopes in Eq. (4.4) [73]. Thus, the steep SS can be expected in
germanium-based devices with a Vpg below 1V for both n-type and p-type conductions.

Table 4.1 summarizes the strategy and suggested solutions for reducing Vps in multiple-
independent-gate FETs without sacrificing the steep SS.

Table 4.1: Suggestions for reducing Vpg in steep-SS multiple-independent-gate FETs

Vps Objective Strategy Solution

~Eglq Enhance effective Vpg forim- | Scaled dimensions and

(~Bandgap) pact ionization optimized S/D resistance

<Eglq Reduce leakage to utilize sub- | Low-defect nanowire

(< Bandgap) bandgap impact ionization | structure

<1V Reduce threshold energy of | Small bandgap material,
impact ionization e.g., germanium

4.5 Chapter Summary

This chapter experimentally demonstrate the steep SS in a polarity-controllable FinFET with
dual independent gates, exploiting the electrostatic biasing of the S/D Schottky barriers.
Minimal SS of 3.4 mV/dec and average SS of 6 mV/dec over 5 decades of current are achieved
with ultra-low leakage floor and high I,/ I,¢ ratio at room temperature. The steep SS in DIG
FinFET also shows reduced sensitivity to temperature as compared to conventional MOSFETs
through characterization of n-type and p-type operation from 100 K to 380 K.

Based on the characterization, this chapter further analyzed the epitomized SS in the formula
and suggested feasible improvements to optimize the device performance and reduce the
operation voltage without sacrificing the steep SS.
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Compact Modeling

As shown in the previous chapters, multiple-independent-gate FETs provide new opportunities
for circuit design thanks to their enhanced functionality, and have been extensively studied
as far as fabrication, circuit design and architecture are concerned [72, 90, 93, 97, 100, 110,
122,123, 185]. Nevertheless, a physics-based compact model for multiple-independent-gate
SiNWEFETs is not yet available, which is the critical interface between device technology and
circuit design. This is the topic of this chapter.

There are many works on compact modeling of doped source/drain SINWFETs and Schottky-
barrier SINWFETs [193-197]. Compared to these devices, polarity-controllable SINWFETSs
introduce additional gated regions between source and drain. Therefore, it is necessary
to model the different regions in order to predict the device characteristics. To address
this discontinuity of the gate voltages along the channel, a simple assumption of constant
capacitances between different gated regions is proposed to model a dual-independent-gate
carbon nanotube FET [198, 199]. However, the ballistic solution for carbon nanotube FET
used in [198, 199] is difficult to be applied to SINWFETs due to lower carrier mobility in
silicon [43,200].

In this chapter, we fill the gap in modeling polarity-controllable SINWFETs by presenting
a long-channel model for DIG SiNWFETs based on the solution of conventional SINWFET
equations. Starting from Poisson’s equation, the potential distribution and the drain current
are obtained by solving the current continuity between Schottky-barrier contacts and the
drift-diffusion of both carriers in the channel. The model captures the device operation in
different bias configurations, and shows good agreements with TCAD simulation. Advanced
physical effects can be easily embedded into the model to develop a complete compact model
for polarity-controllable SINWFETs.

This chapter is organized as follows: Sec. 5.1 shows the device structure investigated in this
chapter. Then, the surface potential model and drain current model are derived in Sec. 5.2
and Sec. 5.3, respectively. The results are shown and discussed in Sec. 5.4. Finally, the chapter
is summarized in Sec. 5.5.
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5.1 Structure of DIG Silicon Nanowire FET

The model presented in this chapter focuses on the DIG SINWFET. It has a simplified structure
of TIG SiNWFETs presented in Chapter 3 by connecting the two polarity gates together. Fig.
5.1 shows the device structure studied in the model and for TCAD verification. The two
external gates (PGg and PGp) are connected to modulate the Schottky barriers. Since this gate
determines the type of carriers through the Schottky barriers, it is named Polarity Gate (PG).
The gate in the middle of the channel induces a potential barrier to control the current, and is
named Control Gate (CG).

The DIG SINWFETs have been experimentally demonstrated in [72]. In the development of
the model, we assume an intrinsic nanowire channel within the device. The thickness of gate
dielectric t,x and the radius of the nanowire R are assumed to be uniform from source to drain.
The metallic contacts at source and drain have a workfuncition of ®,,,.

m

Figure 5.1: Structure of a dual-independent-gate SINWFET.

The band diagrams in different configurations are shown in Fig. 5.2. PG modulates the
thickness of Schottky barriers, while CG controls a potential barrier in the channel. In n-type
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Figure 5.2: Band diagrams at on and off states in n-type and p-type configurations of a dual-
independent-gate SINWFET.
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configuration (i.e., Vpg > 0), electrons may tunnel through the thin Schottky barrier at source
into the channel. At on state, CG is polarized to allow electrons flowing through the channel
easily without barriers in the channel. In contrast, at off state, the potential barrier induced by
CG prevents the current from flowing. The p-type operation (i.e., Vpg < 0) is similar, but relies
on holes tunneling through the barrier at drain.

5.2 Surface Potential Model

Polarity-controllable devices exploit the conduction due to both electrons and holes. Therefore,
it is necessary to consider the transport of both carriers in the model. Thus, we start from 1-D
Poisson’s equation with both carriers in an intrinsic silicon nanowire channel:

d*¢ L] a¢ _qin—p) _qm e q(Vp—@) o)

> — = kT —e kT
dr rdr Esi Esi

where ¢ is the electrostatic potential in the channel, r indicates the distance from the center
of the nanowire, n and p are the density of electrons and holes, respectively. The intrinsic
carrier density is represented by 7;, and & is the dielectric constant of silicon, V;, and V}, are
the quasi-Fermi potentials of electrons and holes, respectively.

However, it is difficult to directly obtain an accurate and explicit solution to (5.1). Therefore,
we first consider the case where there are only electrons as the majority carrier in the channel.
Then, n > p gives that ¢ > (V), + V;;)/2. Under this condition, Eq. (5.1) is simplified as:

2 ' )
d(p_}_ld(’b:ﬂ:ﬂe%

- (5.2)
dr? rdr & &g
An exact solution to (5.2) has been reported [201-203]:
Vot le ( -8B, ) 5.3)
= —In|————— .
¢=W g \8(1+Byr?)?

where § = g®n;i/ kTeg, and B,, is a parameter that will be solved from the boundary condition.

Then, by assuming the effective gate voltage Vgetr = Vi — Vg = ¢, the bias condition for only
considering electrons is derived as Vgegr > (V) + V;)/2.

Similarly, the solution when only considering holes is also derived. By combining these two
results, a piecewise solution to (5.1) is obtained as:

_ . Vy+V;
an:Vn‘Fﬂln % if Veetr > 55—
_ q 6(1+Bpr?) g 2

— kT .
(Pp = Vp - 71Il (W) if Vgeff << >
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Finally, we derive a smoothing function to connect ¢, and ¢,. Thus, a single-piece approxi-
mation of ¢ is written as:

(»b:UI'(pbn"‘UZ‘(Pp (5.5)
where 01 = (1 +tanh@)/2, 02 = (1 —tanh@)/2, and @ = g2 Vgetr — Vi — Vp) 12k T.

Eq. (5.5) gives an accurate and smooth transition between the electron-dominated and hole-
dominated operations as shown later in the Sec. 5.4.

In order to obtain the potential, B, and Bj, in (5.4) are solved from the boundary condition at
the interface between nanowire and gate dielectric, which is given by Gauss’s law:
d¢

Cox(Vgeff_ $sp0) = 5siE r_R =Qn-— Qp (5.6)

where the gate oxide capacitance Cox = €ox/ [R-In(1 + fox/ R)] with £, the dielectric constant of
gate oxide. The surface potential ¢ is located at the interface between the gate oxide and
the silicon nanowire, and Qn, (Qp) are the density of electrons (holes) within a unit area.

By substituting (5.5) into (5.6) with 0, + 02 = 1, we approximately derive the equations for
majority carriers as [193]:

qVgeti = Vo =AV) _ g Qn | Qn | Qn+Qo

= +In== + (5.7)
kT kT Cox Qo Qo
Vi — Vet — AV
AWo— Vet —ZAV) _ g Qp | Qp | Qp*Q (5.8)
kT kT Cox Qo Qo

where Qg =4(kT/q)(gsi/R), and AV = (kT/q)ln(8/6R2).

Now, with given gate voltage and quasi-Fermi potentials, the carrier density Q, and Qp, can be
solved from (5.7) and (5.8). Then, the surface potential ¢y are obtained by substituting the
following equation into (5.5):

Onpy 1

il (5.9)
Qn(p) + QO R?

Bn(p) ==

Egs. (5.7) and (5.8) are accurate for calculating the potential and the density of majority carriers,
which are important for solving the current. Therefore, they are used as a good approximation
for following calculations. In addition, we derive a refined expression to calculate the density
of minority carriers, which may be required in an accurate capacitance model. In the case of
electrons as minority carriers, we assume ¢ = ¢p, thus:

R _
1; q(¢p-Vn)
Qn,min = —qu f re kT dr (5.10)
0
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This integral is finished by substituting ¢y, in (5.4) into it. Thus, an analytical solution for
minority carriers is obtained as:

nid 9V%p-vn)
Qn,min = ZIZBTIZRG T [1-(1+ BpR2)3] 5.11)
p

Eq. (5.11) shows the relationship between the minority carrier of electrons Qp min and the
majority carrier of holes (B, and V).

A unified solution valid for all bias conditions is thus given by combining the results for both
majority carriers and minority carriers:

Qn=o07" Qn,maj + 02 Qn,min (5.12)
where Qn maj is the result of (5.7).

The unified expression of hole density Qp, can be similarly derived as:

Qp =01 Qp,min + 02 Qp maj (5.13)

The above analysis solves the long-channel surface potential ¢ o without considering the
boundary conditions at S/D. However, for Schottky-barrier devices, the potential distribution
near the contacts is also required to calculate the carrier tunneling through the Schottky
barriers. Therefore, we apply a quasi-2-D solution of the surface potential [196, 204].

The boundary condition at source is given by ¢(0) = Vy,; + Vs. Thus, the surface potential near
the contact at source is:

¢s =50+ Apss(y) (5.14)
sinh((L—-y)/A)

Adss(y) = (Vbi + Vs — s 0) Snh@/ )

Similarly, the surface potential near the contact at drain is obtained under the boundary
condition of ¢ (L) = Vp; + Vp:

¢s=pso+Apsp(y) (5.15)
sinh(y/A1)

Apsp(y) = (Vpi+ Vp — (Ps,o)m

where L is the length of each gate, and Vy,; = y + Eg/2q — @, is the built-in potential with y the
electron affinity of silicon and E; the bandgap of silicon.

In (5.14) and (5.15), the natural length A can be assumed as a constant here only related to the
geometry of the device in the subthreshold region, i.e., A = v/&5;R/2Cox [204-206]. However,
the simple assumption of A does not perfectly capture the effect of the induced carriers. It can
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Chapter 5. Compact Modeling

be addressed by introducing a unified A [196], but for simplicity, an empirical expression for
A is used instead in this model to approximately account for the effects of induced carriers
beyond the subthreshold regime. This bias-dependent correction on A is expressed as:

A=VEsiRI2Cox - my - My (5.16)

in which the effect of the bias on CG and PG is modeled by:

1 kT Vg — as Vpg +
ml:\/ao+——ln(1+exp(q(a1 CG ~ 42 VPG a3))) (5.17)
Vbp g kT

And m; represents the effect of the drain-source voltage as:
my=1+by(1-u") (5.18)

with

B Vbs
b1 Vg — b2 Vg + b3

uzl—ln(1+exp(1

) (5.19)

and ag-_3, bo—3 and v are fitting parameters.

As demonstrated later in Sec. 5.4, the proposed potential model shows good agreement with
the numerical solution, which further contributes to the accurate prediction of the current in
different bias configurations.

5.3 Drain Current Model

According to the derived potential model, the potential along the channel can be obtained
when the quasi-Fermi potentials V;, and V;, are known. To obtain V}, and V;, at each region,
the current continuity condition needs to be solved.

Here, we only discuss the Vpg = 0 case. The results when Vpg < 0 is the same as the device
is symmetric. Considering that the quasi-Fermi potentials mostly drop at the contacts and
the interfaces between gated regions, it is assumed that V}, and V,, keep constant within each
region. They are labeled as Vi) pGs, Vap),ca, and Vap),pa,- The surface potentials at each
region are also labeled as ¢pg;, ¢cc, and ¢pg,,, respectively.

First, we consider the Schottky contacts. Electrons may tunnel through the Schottky barrier
from source and holes may tunnel from drain based on certain bias conditions as shown in
Fig. 5.3. To avoid the complexity of calculating the tunneling probability, the effective Schottky
barrier heights ®gpefr, and Pgpefrp are applied based on the assumption of the tunneling
distance d; [199,207]. The tunneling probability is assumed to be unity if the barrier is thinner
than d; and zero otherwise. By solving (5.14) at y = d; and (5.15) at y = L — d; , the effective
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5.3. Drain Current Model

Schottky barriers are given by:

Dspeft,n = Pspn — (Prgg — Vhi — Vs) (1 - ) (5.20)
Dgpeftp = Pspp — (Vi + Vb — pgp) (1 - e~y (5.21)

where ®sp, = @y, — y and Psp p = x + Eg/ g — Oy, are the Schottky barrier heights for electrons
and holes, respectively. The voltages Vs and Vp are the biases applied to source and drain,

respectively.

> PG PG

00
Ec \

®SBeff,n dt
\ D
Ev dt cDSBeff,B
- @@

4

S

Figure 5.3: Schottky barriers at source and drain under different bias conditions, showing the
effective Schottky barrier heights for electrons and holes.

Figure 5.4: Potential barrier induced by CG in the middle of the channel.

In addition to the Schottky barriers, CG may also induce a potential barrier in the middle of
the channel as shown in Fig. 5.4 for electrons. This barrier ®¢ can be expressed as:

®@cn = (Vbi+ Vs + Pspn) — Pca (5.22)
Ocp =dcc — (Vbi+ Vb — ¢bsp,p) (5.23)

Finally, the barrier height for carriers to overcome is the largest one between ®gpesr and Pc:

q)eff,n =max (q)SBeff,ny q)C,n) (5.24)

q)eff,p =max (CDSBeff,p; q)C,p) (5.25)

97



Chapter 5. Compact Modeling

Therefore, the current through this barrier is given by the expression of thermionic emission:

(5.26)

)
2 A% 2 qPeftn(p)
Inng) =7R* A%, T exp(—k—T)

in which A;(p) is the effective Richardson’s constant for electrons (holes).

After coming through the Schottky barriers, the carrier transport in the channel is described by
the drift-diffusion model. Therefore, the inner part of the device operates like a conventional
single-gate SINWFET, which uses CG as the gate and PG-controlled regions as doped source
and drain.

Based on this assumption, the drift-diffusion current of electrons in the channel can be
expressed as [208]:

2R [PGp

eff JPGs

Ippn = pn QnrdVj, (5.27)

We can also derive from (5.7) that:

1 kT 1 kT 1
+——+—
Cox q Qn q Qn+Q0

dv, = -( dQ (5.28)

By substituting (5.28) into (5.27), the drift-diffusion current of electrons is finally obtained in a
similar formula to charge-based model for conventional MOSFETs [195,209-211]:

2nR
Ippn = pn [G(Qn,s) — G(Qn,D)] (5.29)
Legt
kT Q> kT Qo+0Q
G(Q) =2—Q+ =5 ——Qyl
Q p Q 2o q Qoln %

in which Qn sy is obtained by solving (5.7) with Vg = Vg and V;, = V;, pg at source or
Vi = W,pg,, at drain.

Similarly, the drift-diffusion current of holes is obtained as:
2nR
Ippp = IJpL—ff [G(Qp,p) - G(Qps)] (5.30)
e

with Qp sp) obtained by solving (5.8) with Vi = Vg and V, = V;, pgg at source or Vy, = Vj, pg,, at
drain.

If the recombination of carriers in the channel is neglected, the current continuity in the
device gives that:

IT,n(p) = IDD,n(p) (5.31)

In conventional MOSFETs, the quasi-Fermi potential mostly drops at the drain side because
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5.3. Drain Current Model

the body-drain junction is a reverse-biased p-n junction. It is similar in the DIG SINWFET that
employs electrostatic doping. Thus, we get:

Vh,cG = Vi, pGg (5.32)
Vp,cG = Vppap (5.33)

When reaching the other side of the channel, the carriers need to come over the other Schottky
barrier under a forward bias. The corresponding current of electrons is thus modeled as [10]:

Dgp 90D~ Vn,pGp)
Ith = nRzA,’; Tzexp (—%) (e T — 1) (5.34)
And the current of holes is written as:
qPsp, q4(Vp pGs—Vs)
IT,p = ﬂRzA;; Tzexp (—Wp e kT -1 (5.35)
Combining (5.34), (5.35) and (5.26) yields to:
kT (®sp,n — Deftn)
Vi, pGp = VD—7ln 1+ exp(qBZ—Te“)] (5.36)
kT (Dspp — Defrp)
Vores = Vor—_—n | 1+ exp(qSB’l‘;—Teff'p) (5.37)

By iteratively solving (5.31), (5.32) with (5.36) for electrons, and (5.31), (5.33) with (5.37) for
holes, the distribution of surface potentials along the channel and the currents of both carriers
are obtained.

According to the above analysis, the device can be described by three components in series as
shown in Fig. 5.5. In the middle of the channel, CG modulates the barrier as in conventional
MOSFETs, and PG-controlled regions are considered as doped source and drain. At the
contacts, the Schottky barriers together with PG can be considered as back-to-back Schottky
diodes with an additional modulation by PG. As a unique structure in polarity-controllable
device, PG not only modulates the Schottky barriers, but can also reverse the direction of the
diodes, thus changing the polarity of the device.

CG
|

T l T

PG

Figure 5.5: Equivalent circuit symbol of the dual-independent-gate SINWFET.

99



Chapter 5. Compact Modeling

The different components, i.e., the Schottky barriers and the nanowire channel, are separately
modeled by using similar formulas for Schottky diodes and MOSFETs. Therefore, advanced
physical effects associated with Schottky barriers and the channel can be easily integrated into
the proposed core framework, such as short-channel effects, mobility degradation, velocity
saturation, Schottky barrier lowering, etc. [206,212-217]. A complete and accurate model for
DIG SiNWFETSs can thus be developed based on the presented core model.

5.4 Results and Discussion

Based on the potential model presented in Sec. 5.2, we obtain the potential in the nanowire
with given gate voltage and quasi-Fermi potentials. The model is verified with respect to a
numerical solution of Poisson’s equation (5.1) using a finite element method. In the demon-
strated device, an undoped silicon nanowire with a diameter of 30 nm is used as the channel.
The thickness of SiO» is 2 nm.

The potential distribution along the radial direction is shown in Fig. 5.6(a). The quasi-Fermi
potentials V;, and V), are set to 0.2 V and 1.0 V, respectively. The potential increases from
the center of the nanowire to the surface with Vgegt > 0.75V, which corresponds to a n-type
operation. While with Vger = 0, the potential decreases from the center to the surface as a
p-type behavior dominated by holes.

The potentials at the surface and the center of the nanowire with different gate voltages are

0.8F  Lines: Model
Dots: Numerical

Surface
potential

S 0.7F  Vgerr = 1.5V y g 0.7} .
@~ 2660
S Vgers = 0.75V g "..Q.
506' T 506' Center |
E é potential
0.5 0.5F -
Lines: Model

Dots: Numerical
0_4'---|---I 04'1 1 1 I

0 5 10 15 0.0 0.5 1.0 1.5
Center <- r (nm) -> Surface Vgets (V)

(a) (b)

Figure 5.6: (a) Potential distribution along the radial direction in the silicon nanowire. (b)
Surface potential and center potential. Quasi-Fermi potentials V, and V}, are set to 0.2 V and
1.0V, respectively.
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shown in Fig. 5.6(b). Consistent with the results in Fig. 5.6(a), the surface potential is higher
than the center potential with larger Vgest, but lower with small Vgegr. When Veegr = (V) + ;) /12 =
0.6V, the surface potential is equal to the center potential. As observed from these results,
the proposed potential model agrees well with the numerical solution and provides a smooth
transition between different gate voltages.

Fig. 5.7 shows the calculated carrier densities with different approximations. Compared
to the numerical results, the equations (5.7) and (5.8) are accurate for calculating majority
carriers, and can be used to further calculate the current which is mostly composed of majority
carriers. Furthermore, the unified solution of (5.12) and (5.13) presents a good match with the
numerical results, and thus may be applied in a capacitance model as future work.

OA
o

O 1
2

------ Egs. (5.7)(5.8)
— Egs. (5.12)(5.13)-
B Numerical

Qn, Qp (C/cmz)
Sao

10°

0.0 0.5 1.0 1.5
Vgeff (V)

Figure 5.7: Carrier density calculated with the equations for majority carriers (5.7) (5.8) and
the unified solution (5.12) (5.13).

In order to further verify the drain current model, a DIG SINWFET using the geometries
in Fig. 5.1 is simulated using Synopsys Sentaurus [120]. In the Three-Dimensional (3-D)
simulation, the coupled Poisson’s equation and drift-diffusion model are self-consistently
solved. The length of each gate is set to be 200 nm. The diameter of the nanowire is 30-50
nm. The thickness of SiO; is 2 nm. Metal gates with mid-gap workfunction and Schottky
barrier contacts with the workfunction of 4.45 eV are applied. WKB approximation is used to
calculate the tunneling at Schottky contacts and a constant mobility model is applied in the
channel [121].

By solving the continuity equation in the device, the potential distribution and drain current
are obtained. The surface potential distribution along the channel for n-type configuration is
shown in Fig. 5.8 by fixing Vpg and Vpg at 1.5 V. When increasing Vg to turn on the device, not
only ¢¢g, but also ¢pg increase due to the change of quasi-Fermi potentials at PGg-controlled
region. Thus, the Schottky barrier at source becomes thinner. More electrons can thus tunnel
through the lower barrier, which leads to the increase of current.
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Figure 5.8: Surface potential distribution along the channel with different gate voltages and
Vpg = Vps = 1.5V (n-type).

The transfer characteristics of DIG SINWFET with different diameters are compared with
TCAD simulation in Fig. 5.9. With a fixed Vpg, the device behaves in the deep subthreshold
region as a conventional MOSFET. As observed in Fig. 5.9(a), the SS is approaching the ideal

10°F M d=30nm
10 ® d=50nm
—~ ~ '6 -
3 < 10_7
= ~ 10 7
o T 10° .
: e
3 5 10 1
£ c 10"
o T n
a 5 10
10" i n-type -
10’13 VCG=1 5V
10—14 1 L
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Vee (V) Vpg (V)
(a) (b)

Figure 5.9: The predicted drain current with different nanowire diameters under (a) a fixed
Vpg and (b) a fixed Vg for both n-type and p-type configurations. Vpg = 1.5V (lines: model,
dots: TCAD simulation).

102



5.4. Results and Discussion

value, since the effective barrier height is determined by ®¢. Beyond this region, the current
starts to be dominated by the effective Schottky barrier ®@sgeff,n, 0r @speff,p, limiting the SS. On
the other hand, the I,,,, of n-type operation is larger than in p-type operation due to the lower
Schottky barrier height for electrons, which is determined by the workfunction of the Schottky
contacts. Similar to fully-depleted SOI, DIG SINWFET with larger nanowire diameter shows
lower threshold Vg. Note that, the electron current also contributes to the leakage in p-type
configuration, resulting in a degraded gate control over the leakage current near Vg = 1.5V.

In contrast, when varying Vpg while applying a fixed bias on CG, the drain current is deter-
mined by the Schottky barriers within the whole subthreshold region. In this case, the SS is
worse than varying Vg as shown in Fig. 5.9(b). However, in the deep subthreshold region of n-
type characteristics, ¢pgs < Vpi + Vs in the simulated device. Thus, the effective barrier height
is determined by ¢pg,. This effect is included in the model by replacing ¢cg by min[¢cg, Ppg;]
in (5.22). The resulted different regimes of SS in n-type configuration can also be observed in
Fig. 5.9(b). Moreover, the nanowire diameter shows negligible effects on the characteristics
when the carrier transport is dominated by tunneling through the Schottky barriers. Slight
difference between the prediction and TCAD simulation is also observed when the device
completely turns on because of the simple expression of A used in the model.

If PG and CG are connected together, the device works as a single-gate Schottky-barrier
MOSFET. The resulted ambipolar characteristics are shown in Fig. 5.10. While Schottky-
barrier devices are appealing because they do not require chemical doping, they also suffer
from low Iy, / Iogs ratio with poor subthreshold slope due to the ambipolar behavior. In contrast,
polarity-controllable devices utilize the ambipolar conduction of both carriers, and further
exploit electrostatic control of the Schottky barriers with an additional gate to achieve high
Ion ! Iy ratio as well as near-ideal subthreshold slope [72].
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Figure 5.10: Ambipolar characteristics by applying the same Vg and Vpg in DIG SINWFET
(lines: model, dots: TCAD simulation).
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Chapter 5. Compact Modeling

Fig. 5.11 shows the output characteristics with a fixed Vpg = 1.5V in n-type configuration.
The current saturation is observed with large Vps. On the other hand, we also observe the
resistance due to the existence of the Schottky barriers with Vpg near 0 V. Despite that, the
characteristics with Vg = 1V and Vg = 1.5V shows similar resistance. This implies that the
biased PG helps to reduce the resistance by improving the tunneling through the Schottky

barrier.
100F
N d=30nm Veg=1.5V
< 8o}
S n-type
s}
g 60 Vpe=1.5V
3 40
C
<
5 20

0.0 0.5 1.0 1.5
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Figure 5.11: Output characteristics with a fixed Vpg (lines: model, dots: TCAD simulation).

Finally, we discuss a little about the capacitance model for DIG SINWFET. With the derived
carrier density equation, the total charge in each region Qcg, Qpgs and Qpg,, can be calculated
by integrating the carrier density along the channel. Then, the partition of these charges to
source and drain terminals can be investigated by TCAD simulation. The simulation result
shows that Qpg, mostly contributes to the capacitance between PGs and source, and Qpg,,
mostly contributes to the capacitance between PGp and drain. Qg needs a similar partition to
source and drain as in the capacitance model of conventional MOSFETs [218]. The capacitance
model for DIG SINWFET can thus be developed based on these assumptions.

5.5 Chapter Summary

This chapter presents a surface potential and current model for dual-independent-gate SiN-
WFETs. By solving both carrier tunneling at Schottky contacts and the drift-diffusion in the
channel, the potential distribution and drain current are obtained. The proposed model
captures the operation of the device under different bias configurations, and shows good
agreements with TCAD simulation. A complete and more accurate model can be built based
on the presented core framework, and used for the exploration of the functionality-enhanced
device with controllable polarity.
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Functionality-enhanced devices are desirable to improve the computing efficiency when the
size of CMOS transistors approaches the material limit. In addition, low power consumption
is a critical challenge due to the dramatically increased device density on the chip. From
this perspective, this thesis exploits a new device concept: multiple-independent-gate field-
effect transistors. The functionality-enhanced devices provide high computational density
thanks to the polarity controllability. In the meantime, the proposed technology can also
reduce the power consumption with the dual-threshold-voltage characteristics and the steep-
subthreshold-slope operation.

The proposed device concept is applied to different channel geometries, including SINWFET
and FinFET. These devices are extensively studied on fabrication, dual- Vr characteristics and
design, steep-SS operation, and compact modeling. In the following section, a summary of
contributions in each chapter is highlighted. Then, possible future works are discussed.

6.1 Summary of Contributions

Chapter 1 discusses the current limitations of CMOS technology, and gives the global objective
of this thesis.

Chapter 2 introduces functionality-enhanced devices with controllable polarity based on
different channel materials and structures. Then, multiple-independent-gate FETs are pro-
posed. The device structure exploits both silicon nanowire channel and fin-shaped channel.
With multiple independent gates, the proposed devices achieve independent modulation
of the carrier transport at Schottky barriers and the channel conduction. The fabrication of
the devices in a top-down approach is also demonstrated step by step, which is suitable for
large-scale integration.

Chapter 3 exploits multiple-independent-gate FETs for multi-V7 design. Dual-Vr character-
istics are demonstrated with TIG SINWFET. The uniqueness of the proposed device lays in
the high degree of configurability. This device is configured as n-type or p-type transistor in
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either high-Vr or low-V1 mode by biasing separately the three independent gates. Low-V
configuration with earlier turn-on is helpful for improving the circuit speed, while high-Vr
configuration achieves a suppression of leakage current without sacrificing the on-state cur-
rent, showing advantages over the conventional multi-V7 techniques. Chapter 3 also presents
an efficient approach to implement dual-Vr configurable circuits with TIG SINWFETs. Logic
gates using these devices can be realized to either fit high performance or low leakage appli-
cations, simply by wiring an uncommitted gate structure. Dual-V design is thus achievable
without additional process steps by applying this strategy. This property not only increases the
configurability of the circuits, but also reduces the process complexity compared to dual-Vr
technologies for conventional CMOS.

Chapter 4 extends the multiple-independent-gate FETs to achieve a steep-SS operation. The
steep SS is demonstrated by exploiting the electrostatic biasing of the Schottky barriers in
DIG FinFETs. The measured characteristics show minimal SS of 3.4 mV/dec and average SS
of 6 mV/dec over 5 decades of current with ultra-low leakage floor and high I,/ I ¢ ratio at
room temperature. Temperature-dependent characterization indicates that the steep SS has
reduced sensitivity to temperature as compared to conventional MOSFETs. The devices also
show negligible hysteresis and good reliability. Chapter 4 further analyzed the epitomized SS
in the formula and suggested feasible improvements to optimize the device performance and
reduce the operation voltage.

Chapter 5 presents compact modeling of multiple-independent-gate FETs. A surface potential
and current model is developed for DIG SINWFETs. The potential distribution and drain
current are calculated based on both carrier tunneling at Schottky contacts and the drift-
diffusion in the channel. The proposed model captures the operation of the device under
different bias configurations, and shows good agreements with TCAD simulation. A complete
and more accurate model can be built based on the presented core framework, and be used
for the exploration of the functionality-enhanced device with controllable polarity.

6.2 Future Work

This section highlights the future research directions in development of technology and
Electronic Design Automation (EDA) with the multiple-independent-gate FETs.

There are many challenges in the fabrication of multiple-independent-gate FETs. Limited by
our academic cleanroom facility, the devices experimentally demonstrated in the thesis have
relatively long gate length (100~200 nm) and thick oxide (10~15 nm) compared to state-of-
the-art MOSFETs. Therefore, process optimization is expected to improve the performance of
multiple-independent-gate FETs at advanced technology nodes.

Besides the process optimization, the high Schottky barrier height in the devices also limits
the on-state current of devices, and the circuit speed is consequently limited. Moreover, the
steep-SS operation is also suppressed at low operation voltage due to the large threshold

106



6.2. Future Work

energy for impact ionization in silicon. To overcome these issues, a solution consists of using
semiconductors with narrower band gap, like germanium. Nevertheless, lower barrier height
can also result in larger leakage current and degraded I,/ Iof ratio. Therefore, the fabrication
process of germanium-based multiple-independent-gate FETs and the possible performance
improvement require more investigation in both experiments and theory in the future.

On the other hand, symmetric n-type and p-type characteristics of the device are desired
to yield energy efficient circuits with a single type of transistor [89]. Recently, the strain
technology has been investigated to achieve this symmetry by tuning the tunneling through
the barrier [115, 186]. The effect of strain deserves further study as a very attractive technique
for performance optimization of the multiple-independent-gate FETs.

In the physical design with multiple-independent-gate FETs, an optimal mapping scheme
yields to the fine-grained tuning at transistor level for each circuit as presented in Chapter
3. With the mapping result, direct routing on the prefabricated devices is desired. However,
a single TIG SINWFET has 5 terminals in a compact area. Thus, routing on these devices is
challenging. To mitigate routing efforts, a regular layout technique called sea-of-tiles could be
applied to multiple-independent-gate FETs, which has shown the potential on routing and
area utilization with DIG SiINWFETs [137].

Finally, state-of-the-art logic synthesis tools are efficient for unate logic functions. In contrast,
multiple-independent-gate FETs are efficient at implementing both unate and binate logic
functions. Hence, new logic synthesis tools exploiting a large class of functions are desired to
design highly efficient circuits with multiple-independent-gate FETs [54, 143, 144].

In conclusion, multiple-independent-gate field-effect transistors enable attractive opportu-
nities in design of integrated circuits with high computational density and low power con-
sumption. The work presented in this thesis also brings interesting opportunities from device
technology to EDA. It will be exciting to see how this new technology performs with future
advancement in research and engineering on related topics.
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)i\ List of Abbreviations

Abbreviation Definition

1-D
2-D
3-D
ABB
ASIC
BOX
BP
BTBT
CG
CMOS
DFF
DG
DIBL
DIG
DRIE
EDA
EI
FBB
FD
FE

One-Dimensional

Two-Dimensional

Three-Dimensional

Adaptive Body Biasing
Application-Specific Integrated Circuit
Buried Oxide

Back Plane

Band-To-Band Tunneling

Control Gate

Complementary Metal-Oxide-Semiconductor
D-Flip-Flop

Double-Gate
Drain-Induced-Barrier-Lowering
Dual-Independent-Gate

Deep Reactive Ion Etching

Electronic Design Automation
Electrostatic Integrity

Forward Body Bias

Fully-Depleted

Field Emission
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Abbreviation Definition

FET
FPGA

G

GAA

HP

HVT

IC
IMOS
LL

LSTP
LVT
MOS
MOSFET
NC-FET
NEMFET
NMOS
PD
PDN
PG

PGs
PGp
PMOS
PTM
PUN
RBB
SBB
SB-FET
SCE
S/D

Field-Effect Transistor
Field-Programmable Gate Array
Gate

Gate-All-Around

High Performance

High-V7

Integrated Circuits
Impact-Ionization MOS

Low Leakage

Low-Standby-Power

Low-Vr
Metal-Oxide-Semiconductor
Metal-Oxide-Semiconductor Field-Effect Transistor
Negative-Capacitance FET
Nanoelectromechanical FET

N-type Metal-Oxide-Semiconductor
Partially-Depleted

Pull-Down Network

Polarity Gate

Polarity Gate at Source

Polarity Gate at Drain

P-type Metal-Oxide-Semiconductor
Predictive Technology Model
Pull-Up Network

Reverse Body Bias

Schottky Barrier Bias
Schottky-Barrier Field-Effect Transistor
Short Channel Effects

Source and Drain




Abbreviation Definition

SEM
SiNWFET
SOI
SS
TCAD
TE
TEM
TFE
TFET
TIG
TSPC
UTBB
Vr

WKB

Scanning Electron Microscopy
Silicon Nanowire Field-Effect Transistor
Silicon-On-Insulator

Subthreshold Slope
Technology-Computer-Aided-Design
Thermionic Emission

Transmission Electron Microscopy
Thermionic-Field Emission

Tunnel FET
Three-Independent-Gate
True-Single-Phase-Clock

Ultra Thin Body and Buried Oxide
Threshold Voltage
Verilog-To-Routing

Wentzel-Kramers-Brilloui
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