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ABSTRACT

Gate-All-Around (GAA) Silicon nanowire (SiNW) is a structure with virtually
“infinite” number of gates in close vicinity to the channel to provide the best gate-to-channel
electrostatic control, and therefore drastically reduces the parasitic short channel effects
leading to lower power dissipation when the transistor is turned off. Generally, GAA-SiNW
devices are demonstrated in either the lateral or vertical direction. With the limited estate
area per wafer, GAA vertical SiNWs (GAA-VSiNWs) are preferred to fully utilize the
advantages of the nanowire infrastructure while maximizing the number of transistors per
unit area. Due to the one dimensional nature of vertical nanowire, 2 problems arise: (1)
Threshold Voltage (VT) of gated nanowire transistors are incorrectly set due to the work
function difference between the gate and the undoped channel and (2) high series resistance
of the source/drain regions.
In this work, to address issue (1), two methods are employed. In the first method,
dopants of opposite polarity to the intended device type are used as the gate implant. For
example, the gate of nMOS transistor will be implanted with high dosage of p-type dopant
and vice versa. From our measurement results, we demonstrate that there is a positive VT
shift of ~ 1.5V across different diameters while the short channel effect characteristics
remain similar for small diameter GAA-VSiNWs. In the second method, poly-Si gate is
replaced with doped fully-silicided (FUSI) gate using nickel silicide (NixSiy) as the gate
material.
To tackle issue (2), NixSiy Schottky S/D is introduced. However, 2 challenges are
associated with NixSiy Schottky S/D: (1) NixSiy intrusion into the silicon nanowire channel
during silicidation and (2) the existence of a Schottky barrier which leads to increased
contact resistance.
iii

By using a two-step rapid thermal annealing (RTA) silicidation methodology, NixSiy
intrusion into nanowire can be controlled. VSiNW diodes and Transmission Electron
Microscopy (TEM) imaging were used to characterize intrusion lengths into VSiNWs. A
low temperature RTA was first used to control the intrusion length and subsequently, a
higher temperature RTA was used, after removal of un-reacted Ni, to form the desired nickel
silicide phase. From our results, the two-step RTA silicidation showed a 5 times reduction in
silicide intrusion length compared to one-step RTA silicidation. At the same time, the twostep RTA silicidation method demonstrated 2 orders in magnitude of reduction in Ireverse, ~14%
reduction in ideality factor (from 2.25 to 1.75) and ~28% reduction in effective electron
Schottky Barrier Height (SBH) (from 0.7eV to 0.51eV).
Dopant Segregated Schottky (DSS) contact was employed to reduce the SBH and in
turn, improve the S/D contact resistance. Through the use of silicidation induced dopant
segregation (SIDS) method, boron or phosphorus atoms were implanted into the S/D regions
before the occurrence of silicidation to segregate the dopants at the NixSiy/Si interface.
Using two-step RTA silicidation as standard throughout the experiments, DSSB-VSiNW
diodes higher Iforward and lower Ireverse than SB-VSiNW diodes. In addition, DSSB-VSiNW
diodes showed ideality factor close to unity (a 61% reduction from 2.25 to 1.15) and ~10%
reduction in effective electron SBH (from 0.5eV to 0.45eV).
Moreover, the fabricated DSS-VSiNW MOSFETs demonstrated excellent electrical
characteristics with an increase of 8% to 29% in drive currents over the SB-VSiNW
MOSFETs. From our low temperature measurements, DSS-VSiNW MOSFETs showed ~ 50%
reduction in SBH as compared to SB-VSiNW MOSFETs. In addition, DSS-VSiNW
MOSFETs demonstrated lower Drain-Induced Barrier Lowering (DIBL) and Sub-threshold
swing (SS) short channel effect characteristics over SB-VSiNW MOSFETs.
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(a) Cross-section schematic of FinFET, (b) double-gated FinFET , (c) π-gated
FET and (d) Ω-gated FET
Schematic of GAA-SiNW MOSFET. This structure provides the best possible
gate electrostatic control over the channel since the channel body is completed
surrounded by the gate material.
(a) Cross-sectional TEM of VNW-GAA-MOSFET embedded in oxide
dielectric with polySi gate and Al metal contact. Schematics of different
resistance components for (b) doped VNW-GAA-MOSFET and (c) silicided
VNW-GAA-MOSFET.
Conduction energy band (Ec) diagrams of long- and short-channel nMOS to
explain the DIBL effect.
Illustration of the electrical characteristics of nMOS suffered from DIBL.
Blue curve is extracted at low VDS = 0.05V and red curve is extracted at high
VDS = 1V
VT decreases with LG, depicting a phenomenon known as VT roll-off
Sub-threshold swing (SS), extracted from the linear portion of the red (short
channel device) and blue (long-channel device) below threshold, increases as
channel length decreases. Ioff (indicated by the red and blue dots) increases as
SS degrades
(a) Cross-sectional schematic of nMOS with ultra-thin SOI layer of 4, 11 and
18nm directly beneath the gate stack that serves as the channel region and (b)
shows the Transmission Electron Micrograph (TEM) of the gate region.
Different types of multi-gate MOSFETs include (a) SOI vertical double-gate
FinFET, (b) SOI tri-gate FinFET, (c) SOI Π-gate MOSFET, (d) SOI Ω-gate
MOSFET, (e) SOI GAA MOSFET and (f) tri-gate FinFET fabricated on Si
substrate.
Cross-sectional schematics of (a) planar Ultra-Thin-Body (UTB) FD-SOI
FET with single, top-gate, (b) double-gated FinFET, (c) Tri-gate FinFET and
(d) Gate-All-Around (GAA) nanowire FET. The Si thickness, tsi, for each
architecture is also shown and it can be seen that the critical Si thickness
criterion is relaxed by increasing the number of gates wrapped around Si.
Growth of 1D-nanowires by Vapour-Liquid-Solid mechanism whereby (a) the
metal catalyst film is deposited onto the substrate and agglomerate to form
liquid alloy droplets upon subjected to high temperature. Following that, (b)
precursor gases are released into the system and the reactant atoms are
absorbed by the droplets and (c) the reactant atoms start to precipitate out of
the liquid alloy at the liquid alloy/substrate interface and form crystalline
nanostructure when the droplet becomes super-saturated with the reactant
atoms. As the process continues, the nanowires increase in height as shown in
(d)
Binary phase diagrams of (a) Au-Si, (b) Fe-Si and (c) Ni-Si systems
SEM micrographs of NF3 plasma etched Si nanocolumns. (a) Large areas
dense array of 60 nm wide x 0.7 μm tall Si columns. (b) A 2 x 2 matrix of Si
columns about 43nm in diameter and 0.7 μm in height
TEM micrographs of the bottom non-uniform regions of Si columns after (a)
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Figure 3.5

0hr, (b) 8hrs and (c) 16hrs of thermal oxidation at 850 oC
(a) illustrates the increase of diffusivity activation energy (ED) with the
increase of γ and the oxide strain energy also shows the same trend. Figure
2.13 (b) shows that the final Si core diameter at the self-limited regime is
dependent on the initial Si column before oxidation.
Close agreement between the experimental data from Lui et al. [84] and the
simulation data from Cui et al. model [85]. The model successfully replicates
the exponential increase in the oxidation thickness from 0 min to ~ 120 mins
and the self-limiting oxidation effect from 120 mins onwards.
Simulation and TEM results showing close agreement with one another. (a)(a’) 850 oC after 22hrs, (b)-(b’) 875 oC after 15hrs, (c)-(c’) 975 oC after 2hrs
ΦB band diagram of an arbitrary MS Schottky diode.
Energy band diagram showing Fermi level pinning at MS interface.
Band diagram on surface and sub-surface of (a-c) SB-NMOS and (d-f)
conventional NMOS [2.95].
Typical SIMS profile of boron doped Si substrate before and after NiSi
formation. High concentration of boron atoms is found at the NiSi/Si interface
[2.100].
Schematics of (a) ideal DSS MOSFET with ultra-thin segregated regions and
(b) a practical DSS MOSFET with finite yet fully depleted segregated regions
Energy band diagrams during (a) on-state and (b) off-state of DSS and
Schottky PFETs
Transfer characteristics of DSS MOSFET shown as Modified Schottky
Barrier (MSB) FinFET, conventional MOSFET (CN FinFET) and Schottky
Barrier MOSFET (SB FinFET)
Demonstration of LNW-GAA-MOSFET with (left) and without (right) trail of
poly-Si stringer underneath S/D extension
(a) Illustration of VNW-GAA-MOSFET array connected to metal contacts.
Inset of (a) shows the zoomed-in cross-sectional view of a nanowire with gate
stack composed of gate oxide and gate surrounding the nanowire [3.5]. (b)
Transmission electron micrograph of VNW-GAA-MOSFET [3.6].
Cross-sectional schematics showing (a) nanodots formed on blanket Si wafers
using 246nm KrF lithography and resist trim, (c) vertical Si pillar formed
after DRIE process in (b) with a film stack consisting of photoresist and SiN
as hardmask, (d) vertical SiNW after dry thermal oxidation of Si pillar in (c)
and oxide release, (e) vertical SiNW without hardmask.
Tilted Scanning Electron Microscopy (SEM) images of vertical Si pillars,
before thermal oxidation, located at the (a) center and (b) edge of the wafer.
Both pillars exhibited heights of ~ 340 nm and ~ 342 nm and widths of ~ 64
nm and ~ 66 nm, respectively. (c) shows the SEM image of a fat vertical Si
pillar with obvious tapering at the bottom of the pillar (Inset shows the zoomin image with dotted white lines to serve as guide for the eye).
(a) and (b) shows the SEM images of vertical SiNWs (VSiNWs) after the Si
pillars, shown in Figure 3.4, have undergone thermal oxidation to reduce the
pillar diameter. The VSiNW diameter in (a) is ~ 30 nm and (b) ~ 34 nm while
the VSiNW height remains ~ 340 nm. Figure 3.5 (c) and (d) shows free-
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standing VSiNWs after undergoing nitride hard-mask removal.
Process flow for fabricating vertical silicon nanowire via CMOS-compatible
processes
Schematics of fabrication process for VSiNWSB diodes: (a) Formation of SiN
hardmask on p-Si substrate for subsequent etching of vertical Si pillar and
formation of VSiNW upon thermal oxidation in (b). (d) Formation of
substrate Ohmic contacts via implantation with VSiNW remaining intrinsic
due to the presence of HDP oxide spacer formed in (c). (e) Deposition of Ni
layer to form NixSiy in (f) using appropriate metallization conditions such that
only the top VSiNW portion becomes silicided. Finally, Al contacts formation
in (g) for device electrical probing.
Cross-sectional schematics of device: (a) Nitride hard-mask definition on psubstrate. (b) Nanowire etch using DRIE and thermal oxidation. (c) Oxide
spacer formation. (d) Vertical BF2 implant for bottom contact. (e) Arsenic
implant to exposed SiNW top for dopant segregation. (f) 30 nm Ni layer
deposition. (g) NixSiy formation using RTA anneal. (h) Aluminium contact
formation.
TCAD simulation results of dopant distribution profiles for (a) as-implanted
(Phosphorus/ 170keV/ 5 x 1012 cm-2/ 7o tilt/ 0o rot) and (b) after thermal
annealing (1100oC, 300 mins).
TCAD simulation results of dopant distribution profiles for (a) as-implanted
(Phosphorus/ 170keV/ 1 x 1013 cm-2/ 7o tilt/ 0o rot) and (b) after thermal
anneal (1100oC, 300 mins).
Process flow for VSiNW-SB and -DSSB diodes
Fabrication schematics of GAA p- and n-MOS transistors with highly-doped
S/D and poly-Si gate
Fabrication schematics for Tuned FUSI gate GAA-VSiNW Schottky
transistor
Detailed fabrication schematics of tuned FUSI GAA-VSiNW DSS transistors
Process flow for baseline, Schottky and DSS GAA-VSiNW MOSFETs
XTEM images of SB-VSiNW diodes fabricated via (a) 1- and (b) 2-step
silicidation methods. Silicide intrusion was ~ 95 nm after 1-step RTA
silicidation. Although no obvious NixSiy intrusion was observed from the
image, Ni signal was detected near VSiNW tip and TaN regions through insitu TEM–EDX scan. White-dotted lines denote NixSiy /Si interface.
TEM-EDX micrographs of (a) VSiNW tip region, (b) TaN region and (c)
SiNW body region.
XTEM images of DSSB-VSiNW diodes fabricated via (a) 1- and (b) 2-step
silicidation methods. Insets are the magnified view of NixSiy /silicon interface
and the in-situ TEM–EDS data. White-dotted lines denote NixSiy /silicon
interface.
SB-VSiNW I-V measurement setup. Voltage is applied to silicided VSiNW
tip and the substrate is connected to ground.
I–V measurement data of (a) SB-VSiNW diode, (b) DSSB-VSiNW p-type
diode with As implant on 1015 cm-3 p-type substrate, (c) DSSB-VSiNW n-type
diode with BF2 implant on 4 x 1016 cm-3 n-type substrate and (d) DSSB-
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Figure 4.8
Figure 4.9

Figure 4.10
Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

VSiNW n-type diode with BF2 implant on 1017 cm-3 n-type substrate
fabricated separately via 1- and 2-step RTA silicidation methods.
Rectification (RC) values plotted as a function of forward current for (a) SBVSiNW diode, (b) DSSB-VSiNW p-type diode, (c) DSSB-VSiNW n-type
diode with substrate concentration = 4 x 1016 cm-3 and (d) DSSB-VSiNW ntype diode with substrate concentration = 1 x 1017 cm-3.
I-V measurements of SB-VSiNW and DSSB-VSiNW p-type diodes fabricated
using (a) 1-step RTA anneal and (b) 2-step RTA anneal.
η as a function of measurement temperatures taken from VSiNW diodes with
and without DS implant, fabricated under different RTA anneal schemes.
(a) ΦBp,eff and (b) ΦBn,eff as a function of measurement temperatures taken from
VSiNW p-type diodes with and without DS implant for different silicide
anneal RTA schemes.
(a) ΦBn,eff and (b) ΦBp,eff of DSSB VSiNW n-type diodes fabricated under
different RTA schemes as a function of measurement temperature.
Schematic diagrams show the (a) GAA-lSiNW FET and (b) vertical GAASiNW (GAA-VSiNW) FET. Process related issues such as (i) defining
uniform gate and (ii) high source/drain extension resistance could hinder the
scalability of lateral GAA-VSiNW. On the other hand, vertical GAA-VSiNW
FET is regarded as the most promising alternative while still capitalizes on
conventional CMOS fabrication process.
Illustrations of (a) GAA-lSiNW FET and (b) conventional planar 2D FET
comparing their respective orientation on wafer. As shown, both architectures
have the same lateral on-wafer orientation and this suggests that GAA-lSiNW
FET will eventually experience the same process lithography difficulty of
printing the gate region with good resolution
Cross-sectional TEM image showing the GAA-VSiNW FET with metal
layers for probing. Side-wall of fabricated VSiNW is relatively rough and the
carrier mobility might be affected. The measured Lgate is ~ 87nm as compared
to the intended 100nm. Gate oxide is ~ 5nm and Si3N4 spacer surrounding the
VSiNW body is ~ 40nm. The oxide isolation between the gate and source
(wafer substrate) regions is ~ 36nm. Dotted lines are used for the ease of
viewing.
(a) IDS – VDS and (b) IDS – VGS plots of GAA-VSiNW pMOS with BF2-doped
gate and S/D regions. Excellent SCE parameters, SS ~ 66mV/dec and DIBL ~
9mV/V, are obtained. Extracted VT ~ 0.832V is undesirable and can be
rectified using VT tuning methods to be introduced in later section. Despite
sub-linear turn-on at low VDS, there is a clear distinction between saturation
and linear regions in the IDS – VDS plot. The extracted Gm,sat and Gm.lin are
plotted in Figure 5.4(c).
Extracted (a) DIBL and (b) Sub-threshold swing (SS) measurements plotted
against VSiNW diameter. DIBL values increase ~ 2 times and SS values
remain below 190mV/decade as the VSiNW diameter varies from 20nm to
40nm.
(a) Ion-Ioff ratio of GAA-VSiNW pMOS with various diameters and (b) Ioff vs
Ion characteristics of GAA-VSiNW pMOS compared with reported devices.
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Figure 6.1

Figure 6.2
Figure 6.3
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Threshold Voltage (VT) variation across the various VSiNW diameters
fabricated in this work. In general, the extracted VT shows a decreasing trend
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(a) DIBL distribution of GAA-VSiNW nMOS with various diameters. The
lowest value is ~ 6mV/V and (b) SS distribution of GAA-VSiNW nMOS with
various diameters. The lowest value is ~ 70 mV/decade.
(a) Ioff vs Ion characteristics of GAA-VSiNW nMOS fabricated in this study.
Results from literature are also included. (b) Ion/Ioff ratio of GAA-VSiNW
nMOS measured in this study. Bigger diameter VSiNW shows lower Ion/Ioff
ratios than smaller diameter VSiNWs.
(a) Threshold voltage (VT) distribution of GAA-VSiNW nMOS fabricated in
this study. Smaller diameter VSiNW attains less negative VT and larger
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varies from 0.3V to 1V. (b) A positive shift in VT distribution for all the
measured GAA-VSiNW nMOS accomplished using BF2-doped poly-gate
instead of As-doped poly-gate. The ideal VT range for normal nMOS
operation is included
(a) IDS - VGS graph of GAA-VSiNW nMOS with BF2-doped poly-gate and Asdoped poly-gate. Devices with BF2-doped poly-gate showed a positive shift of
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Energy Band Diagram of VSiNW SB-PMOS fabricated in this study.
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CHAPTER 1
INTRODUCTION

1.1

Motivation
Classical transistor or Metal-Oxide-Semiconductor Field Effect Transistor

(MOSFET) architecture has been the preeminent choice for fabrication. As the
semiconductor industry progresses into deep sub-micrometer regime and beyond, classical
MOSFETs are reaching the scaling limits confined by the physical laws of nature. These
limits include higher sub-threshold off-state leakage current (Id,leak) due to reduced threshold
voltage (VT), gate oxide leakage, lithography variation, degraded performance induced by
Short Channel Effects. Apart from conventional scaling, other various techniques and new
transistor architectures are explored to enhance MOSFET performance.
Strain techniques are widely adopted by today’s semiconductor industry to enhance
hole and electron mobility, which in turn, boost transistor performance. For instance, Intel
Corporation used SiN liner stressor for nMOS and embedded SiGe S/D stressors, coupled
with Σ-shaped S/D architecture for pMOS at the 90nm technology node. Besides the
reduction of gate dielectric thickness, nitridation of SiO2 gate dielectric [1.1 – 1.4] and
replacing with high-κ dielectric [1.5 – 1.11] are other methods to increase gate oxide
capacitance to boost transistor performance. However, the use of high-κ dielectric requires a
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mandatory switch from poly-gate to metal gate due to the poly-gate depletion effect on gate
capacitance.
Another significant development is the introduction of fin field-effect transistors
(FinFETs) [1.12 – 1.14]. FinFETs are three-dimensional (3D) MOSFETs with tri-gate
infrastructure. They give better electrostatic control of the channel which helps to suppress
SCEs, reduce leakage current and improve sub-threshold performance. In 2011, Intel
Corporation presented a transition from 2D to 3D architecture with FinFETs starting from
22nm and TSMC followed suit starting from 16nm in 2013. These are two prominent
examples that clearly depict the shift of semiconductor foundries from single-gate to MultiGate MOSFET (MuGFET) architecture to combat inherent scaling limits as technology node
shrinks. Other examples of MuGFET include double-gated FinFET [1.15, 1.16], SOI π-gated
FET [1.17, 1.18] and SOI Ω-gated FET [1.19]. These MuGFETs are schematically depicted
in Figure 1.1.
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Figure 1.1 (a) Cross-section schematic of FinFET, (b) double-gated FinFET , (c) π-gated FET and (d) Ωgated FET.
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An ideal yet extreme case of MuGFET is Gate-All-Around (GAA) MOSFET
whereby the gate completely surrounds an ultra-narrow cylindrical Si nanowire (SiNW)
channel. This architecture provides the best possible electrostatic control resulting in greatly
reduced SCEs and improved drive current. There are two typical orientations for GAA
MOSFET: lateral [1.20, 1.21], shown in Figure 1.2 (a) and vertical [1.22, 1.23], shown in
Figure 1.2 (b).

(b)

(a)
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Gate
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Buried Oxide
Silicon
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Silicon
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(Source)

Figure 1.2 Schematic of GAA-SiNW MOSFET. This structure provides the best possible gate
electrostatic control over the channel since the channel body is completed surrounded by the gate
material.

Using ab-initio calculations on device circuit fabricated via lateral and vertical NW
GAA MOSFET, Kwong et al. [1.24] summarized the various aspects of each GAAMOSFET architecture. The results, tabulated in Table 1.1, illustrated vertical NW GAAMOSFET (VNW-GAA-MOSFET) occupied ~ 50% less area and use ~ 50% less power
while perform ~ 300% faster than lateral NW GAA MOSFET (LNW-GAA-MOSFET). It is
evident that VNW architecture outperforms LNW architecture in terms of area occupied by
circuit, circuit speed and circuit power consumed. Therefore, VSiNW is a very promising
candidate as the main device architecture beyond the 22nm node and is the focus of the work
in this thesis.
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Table 1.1 Various advantages, in terms of device area, speed and power consumption, gained by device
circuit fabricated via vertical silicon nanowires over those of planar bulk substrate and lateral
nanowires [1.24].

Despite the advantages of VNW architecture, there are underlying issues associated
with VNW-GAA-MOSFET. The external series resistance is one of the issues for VNWGAA-MOSFET. The schematic in Figure 1.3 (b) is representative of the TEM micrograph
shown in Figure 1.3 (a) where the external resistance consists of: 1) metal to SiNW contact
resistance (Rcontact), 2) nanowire tip resistance (Rtip), 3) nanowire bottom resistance (Rbottom)
and 4) substrate sheet resistance (Rsub-sh). For conventional highly-doped S/D nanowire FETs,
the main challenge in external resistance comes from Rtip, Rbottom and Rcontact due to the
narrow dimensions of source/drain.
Another issue is the incorrect threshold voltage (VT) value associated with nanowire
transistor. Doped poly-Si gates give too low VT value for n- and p-MOS and this causes the
fabricated inverters to have very small noise margin (NM). The problem can be attributed to
the Fermi level of the intrinsically doped channel and the incorrect work-function (Φm)
values of the doped poly-Si gate.
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Figure 1.3 (a) Cross-sectional TEM of VNW-GAA-MOSFET embedded in oxide dielectric with polySi
gate and Al metal contact. Schematics of different resistance components for (b) doped VNW-GAAMOSFET and (c) silicided VNW-GAA-MOSFET.

In recent literature, silicided S/D was successfully implemented in planar [1.25, 1.26]
and nano-scaled [1.27, 1.28] devices and has been proven to effectively reduce Rext with the
formation of abrupt junctions. This inspires us to integrate S/D metallization with VNWGAA-MOSFET, shown in Figure 1.3 (c), and study the possibility of junction scaling of
silicided S/D. Furthermore, dopant segregation with fully silicided (FUSI) S/D was
introduced [1.29, 1.30] to improve carrier injection, short channel effect immunity and to
achieve very low S/D resistance due to Schottky Barrier Height (SBH) lowering. This
motivates us to incorporate the dopant segregation technique, for the first time, on VNWGAA-MOSFET to study the possibility of junction engineering. Lastly, alternative gate
options, such as FUSI or doped-FUSI gate, have been proposed to tune VT [1.29, 1.31, 1.32]
by adjusting the gate work function. This propels us to explore the possibility of integrating
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alternative gate options with VNW-GAA-MOSFET and to study the relative performance
improvement.

1.2

Objectives of Dissertation
The project focuses to (i) integrate S/D metallization, (ii) analyze the effect of dopant

segregation at S/D regions and (iii) explore the effect of various alternative gate options, on
GAA-VSiNW MOSFET. This will be achieved in the following 5 phases:
1) To fabricate VSiNW as starting infrastructure using standard CMOS processes.
2) To investigate the effect of silicide intrusion and dopant segregation on (i) silicidation
and (ii) electrical parameters of VSiNW Schottky diodes.
3) To study and analyze the electrical characteristics of GAA-VSiNW MOSFETs with
poly-gate and highly doped S/D.
4) To study and analyze the electrical characteristics of GAA-VSiNW MOSFETs with
Schottky Barrier (SB) S/D and GAA-VSiNW MOSFETs with Dopant Segregated SB
(DSSB) S/D.
5) To tune VT of FUSI GAA-VSiNW MOSFETs using different gate implants and
investigate the effect of SiNW diameter on VT.
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1.3

Scope of Dissertation
This project involves fabricating free-standing VSiNW, as the basic building block

for subsequent device development, on bulk Si substrate using conventional CMOS
processes. A major contribution of this work is providing well-documented procedures of
fabricating VSiNW and the related VSiNW transistors used for this work. Another important
contribution is the understanding of nickel silicide formation in nanostructures encapsulated
within thick oxide layer. To investigate the effect of silicide intrusion, Transmission
Electron Microscopy (TEM) and Energy-Dispersion X-ray (EDX) techniques are employed
to study and characterize the silicide intrusion into the vertical nanowire. Concurrently,
electrical measurements are performed on VSiNW Schottky diodes to investigate the effect
of silicide intrusion on diode electrical characteristics.
The third contribution of this work is the understanding of dopant segregation in
VSiNW structure. To realize dopant segregation, low energy, high dose dopant implant was
performed at the VSiNW tip at the silicide/Si interface before silicidation. Firstly, the effect
of segregated dopants will be studied via VSiNW Schottky diodes. This is followed by the
electrical characterization and analysis of SB MOSFETs to demonstrate the effect of dopant
segregation on device performance and effective SBH. TEM is utilized for the physical
characterization of SB and DSSB MOSFETs.
The last contribution of this dissertation is the study of VT tuning using different gate
materials via various VSiNW MOSFET. Ni FUSI, doped-Ni FUSI, n-doped and p-doped
gate materials were used to tune VT of VSiNW MOSFETs. Electrical measurements were
performed to understand the effect of different gate materials on the device electrical
characteristics.
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1.4

Organization of Dissertation
Chapter 1 introduces the background and motivation for this project.
Chapter 2 gives the literature review covering the synthesis of Si nanowires, the

operating principles of Schottky Barrier MOSFETs and the concept of Schottky Barrier
Height tuning. The challenges of nanowire transistors are also reviewed.
Chapter 3 reports the detailed experimental methodologies that include the
fabrication of VSiNW, SB/DSSB-VSiNW diodes as well as GAA-VSiNW MOSFETs with
SB/DSSB S/D.
Chapter 4 investigates the silicide intrusion and the impact of RTA temperatures on
the electrical performance of VSiNW Schottky and DSSB diodes. The effect of interfacial
segregated dopants on diode performance are presented and discussed.
Chapter 5 studies the electrical characteristics and Short Channel Effect (SCE)
performance of GAA-VSiNW MOSFETs with highly-doped S/D and the various VT tuning
methodologies, as well as their impact on the MOSFET electrical performance.
Chapter 6 investigates the feasibility of integrating Schottky Barrier (SB) S/D and
FUSI gate with VSiNW to form FUSI-GAA VSiNW SB MOSFETs. The electrical
performance and SCEs of the modified transistor are analyzed.
Chapter 7 explores the concept of dopant segregation SB S/D and its incorporation in
device fabrication. The electrical characteristics of FUSI-GAA VSiNW DSSB MOSFETs
are also presented and compared against MOSFETs with SB S/D. In addition, various VT
tuning methods and their impact on MOSFET electrical and SCE characteristics are
analyzed.
Chapter 8 summarizes the major findings and results of this project. Possible future
directions with regards to VSiNW MOSFETs are also proposed.
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CHAPTER 2
LITERATURE REVIEW

This chapter briefly overviews the background physics required to facilitate the
understanding of the rest of this thesis. In Section 2.1, the two important parameters to
quantify short channel effects (SCEs) will be introduced and it will be followed by
methodologies in Section 2.2. The various methods to synthesize silicon nanowires are
briefly discussed in Section 2.3. Section 2.4 presents the fundamentals related to Schottky
barrier, operating principles of Schottky MOSFETs and methodologies to tune Schottky
barrier height. Use of nickel (Ni) to form metal silicide is reviewed in Section 2.5. Finally,
Section 2.6 will sum up this chapter by giving a brief summary.

2.1

Challenges in device scaling
Before we explore the benefits and types of MuGFETs, we need to understand the

challenges in scaling down planar transistors that lead to the need for MuGFETs. The
semiconductor industry has been revolutionized with a mission or objective to fulfill ever
since the birth of Moore’s Law in 1965. Thereafter, transistor size starts to shrink by a factor
of 0.7 every 2 years. As the size of transistor shrank, two fundamental problems related to
short channel effects (SCEs) start to surface. These problems and their effect on device
performance are discussed in Sections 2.1.1 and 2.1.2.
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2.1.1 Drain-Induced Barrier Lowering (DIBL) effect and VT roll-off
Scaled transistors suffer from Drain-Induced-Barrier-Lowering (DIBL) effect [2.12.3] caused by the penetration of the depletion regions of the S/D regions into the channel
region beneath the gate and this will result in energy band lowering. It causes the gate to lose
the sole dominance over the formation of the inversion layer beneath it, which serves as the
‘channel’ for carriers to flow between S/D, to the drain region. Furthermore, DIBL is
worsened with the increase in drain voltage (VDS) and the decrease in distance between S/D.
Secondary effects caused by DIBL are VT reduction as LG decreases and increase off-state
leakage current (Ioff). DIBL can be explained in terms of energy band, as shown in Figure 2.1.

Figure 2.1 Conduction energy band (Ec) diagrams of long- and short-channel nMOS to explain the
DIBL effect.

Figure 2.1(a) shows the conduction energy band (Ec) of a long-channel nMOS at VGS
= 0V and a certain voltage VDS is applied across the S/D. When VGS is equivalent to the VT of
the long-channel nMOS is applied (Figure 2.1(b)), the channel Ec is lowered and an
inversion layer of electrons is formed in the channel. With the lowering of Ec, a 0.2eV
potential barrier exists between the source and channel and this is sufficient for the electrons
to flow from the source into the channel and then into the drain.
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From Figure 2.1(c), it is observed that the channel Ec is much lower than that of the
long-channel counterpart in Figure 2.1(a) at VGS = 0V due to the extension of the depletion
region of the drain side into the intrinsic region underneath the gate. This is termed as DIBL.
Hence, a smaller VT is required to pull the barrier down to 0.2eV. Therefore, VT for shortchannel devices is much smaller than that of long-channel. Figure 2.2 shows IDS-VGS data for
nMOS, at low and high VDS, suffering from the DIBL effect. From the electrical
characteristics, the DIBL effect will shift the IDS curve to the left and results in lower VT and
higher Ioff (indicated by red and blue dots).

Figure 2.2 Illustration of the electrical characteristics of nMOS suffered from DIBL. Blue curve is
extracted at low VDS = 0.05V and red curve is extracted at high VDS = 1V [2.1].

Figure 2.3 shows the VT roll-off phenomenon observed in nMOS and pMOS devices
gathered from experimental data [2.4]. VT roll-off is caused by charge sharing between the
gate and source/drain. From Figure 2.3, it can be seen that the VT values for both types of
devices decreases significantly with reducing gate length and the degradation increases
faster with high VDS (1V) as compared to low VDS (0.05V). With the prominence of the VT
‘roll-off’ phenomenon in short-channel devices, MOSFET switching on and off becomes
more difficult as the noise margin becomes substantially smaller and proper circuit functions
will be impeded.
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Figure 2.3 VT decreases with LG, depicting a phenomenon known as VT roll-off [2.4].

2.1.2 Degradation of Sub-threshold swing (SS)
Another SCE is the degradation of sub-threshold swing (SS). SS defines the rate of
increase of current below the threshold voltage for a particular MOSFET device and is
defined in Equation (1):
𝑆𝑆 =

𝑑𝑉𝐺𝑆
𝑑(log(𝐼𝐷𝑆 ))

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (1)

where VGS is the voltage between gate and source and IDS is the current between drain and
source. Equation (1) is usually used in extracting SS from experimental data. Typically, SS
is extracted from the slope of log IDS-VGS curve below threshold voltage. A graphic
representation of SS extraction is shown in Figure 2.4. Another definition of SS, used in
analytical calculation, is given by Equation (2):
𝑆𝑆 = 𝜂(

𝑘𝐵 𝑇
)(𝑙𝑛10)
𝑞

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (2)

where kB is the Boltzmann constant, T is the temperature in Kelvin, q is the
electronic charge and η is the effectiveness of gate-to-channel coupling. Looking at Equation
(2), the ideal SS, achieved with 100% electrostatic gate-to-channel coupling at 300K, is ~
59.6 mV/decade. However, in practice, due to the electrostatic coupling of gate and channel
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region through the depletion layer, η has a typical value between 1.2 and 1.5 in bulk
MOSFETs which results in SS values of 70 – 90 mV/decade.

Figure 2.4 Sub-threshold swing (SS), extracted from the linear portion of the red (short channel
device) and blue (long-channel device) below threshold, increases as channel length decreases. Ioff
(indicated by the red and blue dots) increases as SS degrades [2.1].

Looking at Figures 2.2 and 2.4, the Ioff increases for the short-channel MOSFET as
compared to the long-channel MOSFET. Thus, it can be said that DIBL and SS degradation
has an additive effect for MOSFET Ioff. Increase in Ioff has a detrimental effect on the total
power consumed per microprocessor [2.5, 2.6]. The total power consumption is found in
Equation (3),
𝑃 = 𝐴𝐶𝑉 2 𝑓 + 𝑉𝐼𝑜𝑓𝑓

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (3)

where P is total power consumption per microprocessor, A is the fraction of gates
actively switching, C is the total capacitive load of all gates, V and f is the operating voltage
and frequency, respectively. It is observed that the overall power consumed consists of
dynamic power (first term) and static power (second term). Assuming Ioff per transistor
increases from 10pA to 15 pA and there are 10 million transistors per processor, the
processor’s leakage current will increase by 50% from 0.1mA to 0.15mA. From this
example, it can be understood that the increase in Ioff will impede the scaling of MOSFETs.

Page 16

Chapter 2 Literature Review

2.2

Reducing Short Channel Effects
In the previous section, we can see that the lack of efficient electrostatic gate-to-

channel coupling causes the gate to gradually lose control over the channel formation as the
device structure reduces in size and SCEs start to appear. Hence, to counter the SCEs, we
need to reinstate the gate with the dominant control of the channel formation. This can be
done through the methods, but not limited to, discussed below in Sections 2.2.1 to 2.2.3.

2.2.1 Fully-Depleted (FD) Silicon-On-Insulator (SOI)
First method is to utilize Fully-Depleted (FD) Silicon-On-Insulator (SOI) technology
where the entire channel is depleted due to the thin Si body. Moreover, using FD-SOI
technology also reduces the S/D to bulk capacitive parasitic and the halo implant damage
associated with bulk Si. Furthermore, random dopant fluctuations are significantly
minimized in FD-SOI technology as lightly doped or un-doped Si body is used and thus VT
variation is also decreased. Figure 2.5 shows the schematic and TEM micrograph of an ultrathin FD-SOI nMOS.
Experimental results [2.7, 2.8] have shown that SCEs in FD-SOI MOSFETs can be
suppressed significantly through the reduction of the thin Si body. However, the FD-SOI
technology also has some drawbacks such as carrier mobility reduction due to the inefficient
heat removal caused by the buried oxide beneath the thin Si body [2.9] and enhanced drain
leakage currents due to impact ionization and band-to-band tunneling in FD-SOI MOSFETs
with slight spacer width variations and lateral doping profiles [2.10].
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Figure 2.5(a) Cross-sectional schematic of nMOS with ultra-thin SOI layer of 4, 11 and 18nm directly
beneath the gate stack that serves as the channel region and (b) shows the Transmission Electron
Micrograph (TEM) of the gate region. [2.7]

2.2.2 Reducing gate oxide thickness (Tox) and use of high-Κ/metal gate
stacks
Second method to overcome SCEs is by reducing the gate oxide thickness (Tox) and
thus increasing the gate oxide capacitance (Cox) which will enhance the gate-to-channel
electrostatic coupling. This method is widely accepted in bulk Si or FD-SOI technology.
However, there is a limit to how thin the gate oxide can be reduced since thinner T ox will
lead to the increase in gate leakage current (IGS) due to enhanced electronic charge tunneling
through the gate oxide. As a consequence, the total power consumption will rise. Typically,
the gate leakage current density increases around ten times for every two Å reduction in Tox
[2.11].
High-κ dielectrics are thus introduced to replace the conventional SiO2 as the gate
insulator. By using high-κ dielectric as the gate oxide, Tox becomes thicker and IGS reduced
drastically. The ability to make use of thicker T ox stems from the idea that the capacitance of
high-κ dielectric is equivalent to that of thin SiO2 and the effect of large dielectric constant
ratio between high-κ material and SiO2 is shown in Equations (4) and (5):
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𝛫𝑆𝑖𝑂2 Ɛ𝑜 𝐴
𝛫𝐻𝐾 Ɛ𝑜 𝐴
=
𝑇𝑆𝑖𝑂2
𝑇𝐻𝐾

𝑇𝐻𝐾 =

𝛫𝐻𝐾
𝑇
𝐾𝑆𝑖𝑂2 𝑆𝑖𝑂2

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (4)

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (5)

where ΚSiO2 is the dielectric constant for SiO2, TSiO2 is the thickness of SiO2 layer,
ΚHK is the dielectric constant for the high-Κ layer, THK is the thickness of high-Κ layer, Ɛo is
the permittivity of free space and A is the gate area.

Table 2.1 Dielectric constants, experimental band-gap and conduction band offsets of various high-κ
materials and SiO2 [2.12]

Table 2.1 shows a list of high-κ materials with their respective dielectric constants,
experimental band-gaps and conduction band offset [2.12]. Even though high-κ dielectric is
a viable solution to reducing IGS issue, it is incompatible with the use of poly-silicon as the
high-κ material can easily react with poly-silicon to form metal silicides within the gate
oxide [2.13, 2.14]. This can cause electrical shortage between the gate electrode and the Si
substrate. Furthermore, there is interfacial reaction between the high-κ material and polysilicon which causes an interfacial layer to be formed beneath the high-κ material [2.15-2.17]
and Equivalent Oxide Thickness (EOT) of the high-κ layer will increase which reduces the
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gate oxide capacitance. Hence, high-Κ dielectric is always used with metal gate stacks such
as TiN [2.18-2.20] and TaN [2.19].

2.2.3 Single- to multiple-gated FETs and bulk to nanostructures
The third alternative is to increase the number of gates surrounding the channel
region to overpower the influence the effect of the drain. To do so, a third dimension, z, is
needed to be introduced to the traditional planar FETs which only constitutes of two
dimensions, x and y. This new kind of gated FETs is termed as Multi-Gated FETs or
MuGFETs where the gate electrode wraps around several sides of the channel region. Some
examples of MuGFETs include vertical double-gate FinFET [2.21-2.24], triple-gate (Trigate) MOSFET [2.25, 2.26], Π-gate MOSFET [2.27-2.29], Ω-gate MOSFET [2.30, 2.31]
and Gate-All-Around (GAA) transistor [2.32-2.35], are shown in Figure 2.6.

Figure 2.6 Different types of multi-gate MOSFETs include (a) SOI vertical double-gate FinFET, (b)
SOI tri-gate FinFET, (c) SOI Π-gate MOSFET, (d) SOI Ω-gate MOSFET, (e) SOI GAA MOSFET and
(f) tri-gate FinFET fabricated on Si substrate.

To have reasonable electrostatics and control SCEs at a given gate length (LG), the
critical Si channel thickness, tsi, must be one third of LG [2.8, 2.36]. By replacing single, topPage 20
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gated MOSFETs with MuGFETS, the effective channel thickness is reduced through the
strengthening of gate control over the channel. This will imply the criterion for critical Si
thickness is relaxed. Figure 2.7 shows the cross-sectional view of the gate stacks of (a)
planar Ultra-Thin-Body (UTB) FD-SOI, (b) double-gate FinFETs, (c) tri-gate FinFETS and
(d) GAA nanowire FETs. The critical Si channel thickness criterion is also included for the
different gate stacks to demonstrate that GAA nanowire FETs can be considered as a
potential candidate for future technology nodes due to the more relaxed channel dimension
as compared to the other structures.
Furthermore, with the increase in the number of gates surrounding the channel, the
natural length, λ, a parameter which represents the encroachment of electric field lines from
the S/D into the channel, will be significantly reduced [2.36, 2.37]. This implies that, in
devices with short-channel lengths, the SCEs can be better controlled or even reduce with
the increased number of gates surrounding the channel. The generalized relationship
between λ and number of gates, N, is:

𝜆𝑁 = √

Ɛ𝑆𝑖
𝑡 𝑡
𝑁Ɛ𝑜𝑥 𝑜𝑥 𝑆𝑖

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (6)

where λ is the natural length, N is the number of gates, Ɛsi is the electrical
permittivity of silicon, Ɛox is the electrical permittivity of the gate oxide, tox is the gate oxide
thickness and tsi is the silicon film thickness.
From the critical Si thickness criterion and the natural length parameter requirement,
it is clear that the best architecture to minimize SCEs is Gate-All-Around (GAA) MOSFET
where the gate fully surrounds the silicon substrate. To achieve this structure, the logical
method is to reduce the dimensions of a Si fin in both lateral and vertical directions. By
doing so, we will achieve a free-standing Si nanowire (SiNW) that may come in various
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shapes such as elliptical [2.35], triangular [2.38], cylindrical [2.39, 2.40] or square [2.41].
No matter what cross-sectional shape the Si nanowire has, the main result is number of gate
has increased and the gate length is much larger than the surrounded silicon thickness.
Therefore, the free-standing SiNW structure surpasses the requirements for critical tsi and
natural length.
Currently, there are two main options to fabricate nanowires: (a) bottom-up approach
and (b) top-down approach. Each of these approaches has their own pros and cons. The
following two sections are dedicated to the discussion of both approaches.

(a)
(b)

(d)

(c)

Figure 2.7 Cross-sectional schematics of (a) planar Ultra-Thin-Body (UTB) FD-SOI FET with
single, top-gate, (b) double-gated FinFET, (c) Tri-gate FinFET and (d) Gate-All-Around (GAA)
nanowire FET. The Si thickness, tsi, for each architecture is also shown and it can be seen that the
critical Si thickness criterion is relaxed by increasing the number of gates wrapped around Si.
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2.3

Silicon nanowire synthesis methods

2.3.1 Bottom-up approach
Typically, SiNWs are synthesized using two different approaches. The first approach
is dubbed as the bottom-up approach. Several methods of fabricating nanowires using
bottom-up approach had been reported by research groups. In general, these methods consist
of: (a) template-directed growth [2.42-2.46], (b) vapor-liquid-solid (VLS) synthesis [2.472.51], (c) vapor-solid (VS) growth [2.52-2.55], (d) laser-ablation [2.56-2.59] and (e)
electrochemical deposition [2.60-2.63]. In this section, only VLS growth will be discussed
as it is the most well-studied and reported fabrication method for nanowire synthesis.
In VLS growth method, nanowires are grown on clean and defect-free semiconductor
substrates or insulators such as sapphire or glass. The process normally takes place in a
vacuum chamber to greatly reduce contamination issues. Using Si substrate as an example,
the VLS process starts by depositing a layer of metal catalyst (for example, Au) onto the Si
substrate. Subsequently, the substrate is heated such that the temperature is higher than the
eutectic point of the Au-Si system, which can be referred from the binary phase diagram,
such that Au-Si liquid alloy droplets are formed on the surface of Si substrate.
Following that, precursor gas carrying Si atoms will be flown into the chamber and the
Si atoms dissolve into the droplets. These droplets lower the activation energy of normal
vapour-solid growth and thus, they are energetically favoured sites for the incoming Si
atoms. The adsorption of Si atoms by the alloy droplets continue until a super-saturated state
of Si in Au is reached. Upon which, Si atoms will start to precipitate out of the Au-Si alloy
at the liquid alloy/solid Si interface. This process is illustrated in Figure 2.8. With the
continuation of adsorption and precipitation of Si atoms at the liquid/solid interface, the Si
nanowire grows in height.
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Figure 2.8 Growth of 1D-nanowires by Vapour-Liquid-Solid mechanism whereby (a) the metal
catalyst film is deposited onto the substrate and agglomerate to form liquid alloy droplets upon
subjected to high temperature. Following that, (b) precursor gases are released into the system and
the reactant atoms are absorbed by the droplets and (c) the reactant atoms start to precipitate out
of the liquid alloy at the liquid alloy/substrate interface and form crystalline nanostructure when
the droplet becomes super-saturated with the reactant atoms. As the process continues, the
nanowires increase in height as shown in (d) [2.64].

The metal catalyst is one of the major components in the VLS synthesis. However,
the choice of metals needs to fulfill some requirements before the VLS synthesis of
nanowires is able to succeed. First, it must be able to form liquid solution with a solid phase
component. Second, the catalyst component in liquid phase must have a much higher
solubility limit than that in solid phase such that liquid alloy with little contamination can
form at ease. Third, vapour pressure of the catalyst component is much smaller as compared
to the liquid alloy. Fourth, the metal is chemically inert such that no intermediate solid is
formed [2.64]. So far, noble and transition metals are suitable for VLS growth. For example,
Au is the most frequently used metal to grow Group IV and III-V nanowires. Some
transition metals such as Ni and Fe are also used by research groups [2.65-2.67]. Phase
diagrams of Au-Si, Fe-Si and Ni-Si systems are shown in Figure 2.10.
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Figure 2.10 Binary phase diagrams of (a) Au-Si, (b) Fe-Si and (c) Ni-Si systems [2.65].

The advantages of the VLS synthesis method are (a) the size of the nanowires is
determined by the size of the alloy droplet formed on the starting substrate. The droplet size
is, in turn, determined by the initial thickness of the deposited metal catalyst layer [2.68]; (b)
uniform in-situ doping [2.69-2.71] can be obtained via the inclusion of doping gases, such as
PH3 or B2H6, during the growth process; (c) atomically abrupt junctions are achievable by
switching the gas sources [2.72, 2.73]. Moreover, the bottom-up VLS synthesis approach is
free of photo-lithography and photo-masks. This will, in turn, allow the VLS process to be
highly cost effective and attain high economy of scale.
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However, the main challenge posed by this method is finding an economical yet
reliable path to successfully integrate the synthesized nanowires into functional Integrated
Circuits (ICs) in large scale. Generally, the synthesized nanowires are randomly dispersed
over the substrate wafer since there is no control over the location where the alloy droplet
will form and furthermore, complex techniques are required to organize the nanowires into
specific device architectures to achieve certain functionalities. Some of these techniques
include the use of Atomic Force Microscopy (AFM) tip for ‘pick-and-place’ [2.74, 2.75],
liquid suspension [2.76] and electric- or magnetic-field methodologies [2.77-2.79]. These
techniques lack repeatability and have low throughput, both of which are critical criteria in
industry production. Therefore, there are very limited opportunities for the nanowires
realized by the bottom-up approach to be commercialized.

2.3.2 Top-down approach
The top-down approach is a more feasible alternative for the commercialization of
nanowires because the fabrication steps used are compatible to the standard CMOS
processes found in the industry. Typically, the top-down methodology involves photolithography, dry and/or wet chemical etching and oxidation steps. Due to the high cost
involved in photo-lithography and writing photo-masks, some research groups have
successfully replaced it with a new technique known as nano-imprint lithography (NIL)
[2.80-2.82]. In NIL, patterns are created by deforming the imprint resist mechanically and
then they are transferred to the underneath substrate through dry etching.
Photo-lithography will be used for the discussion in the remaining section since it is
highly utilized by many research groups. In general, there are four basic steps, involved in
the top-down approach, to achieve nanowires. First, the wafer substrate, for example Si, is
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coated with photo-resist (PR), exposed and lastly developed. The intended patterns are
imprinted onto the PR that remains on the wafer substrate. Optional Reactive Ion Etch (RIE)
trimming of the PR is performed to achieve smaller PR dimension. Second, using PR as the
hard-mask, physical dry etching of Si is done to remove the unwanted Si regions and
depending on the initial mask design, a lateral Si fin or a vertical Si pillar is obtained.
Third, thermal oxidation is performed to reduce the size of the vertical Si pillar or
lateral fin. In the case of vertical Si pillar, due to the effect of self-limiting oxidation, there is
a lower limit on the diameter of the final nanowire. For the lateral Si fin, depending on the
fin height, 2 or more nanowires may be formed stacked one on top of the other. The selflimiting oxidation effect will also occur in the case of lateral Si fin. Lastly, free-standing
nanowires are achieved via the removal of the SiO2 shell (from the previous step) by dipping
the wafer into Diluted Hydro-Fluoric acid (DHF).
Self-limiting oxidation effect is first reported by Liu et al. [2.83] in 1993. In his work,
thick vertical Si columns are first fabricated via electron-beam lithography (EBL) and NF3
plasma RIE etching. Following that, the Si columns are subjected to the first round of
thermal oxidation to grow ~ 9nm of SiO2 around the Si columns. This is to remove the Si
sidewall damage caused by RIE and impurity residual effects such that a clean Si surface is
available for subsequent oxidation studies. The oxidation studies using Si columns are done
at 800 0C and 850 0C with varying time (1.5 to 44hrs). Figure 2.11 shows the Si columns
prior to the oxidation studies.
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Figure 2.11 SEM micrographs of NF3 plasma etched Si nanocolumns. (a) Large areas dense array of
60 nm wide x 0.7 μm tall Si columns. (b) A 2 x 2 matrix of Si columns about 43nm in diameter and 0.7
μm in height [2.83].

It was found that the final Si core diameter achieved was self-limited to 11nm for
800 0C after 15hrs of oxidation and 6nm for 850 0C after 8hrs of oxidation, prolonged
oxidation duration has no effect in further reducing the Si core diameter. There is substantial
reduction in the diameter variation along the non-uniform region of the column as shown in
Figure 2.12.
Another observation seen in Figure 2.12 is the bottom portion of Si column near the
substrate has larger diameter and it oxidizes faster than the middle portion of Si column.
This showed that the oxidation rate depends on the column diameter. The smaller (larger)
the diameter (curvature), the slower the column oxidizes. Apart from the column diameter
dependency, the oxidation rate was also found to be dependent on the column oxide
thickness. For a given column diameter, thicker column oxide reduced the oxidation rate.
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Figure 2.12 TEM micrographs of the bottom non-uniform regions of Si columns after (a) 0hr, (b) 8hrs
and (c) 16hrs of thermal oxidation at 850 oC [2.83].

The cause of self-limiting oxidation effect seen in Si nanowire (SiNW) is believed to
be the result of the retarded oxidation of the Si core induced by the stress normal to the
Si/SiO2 interface. Using the basic mechanism in a dry oxidation process, Liu et al. [2.83]
explained that oxygen atoms need to diffuse through the already formed oxide layer to react
with the Si at the interface and form SiO2. This newly formed SiO2 layer then pushes out the
old oxide to allow for volume expansion. Importing this idea to SiNW with large curvature,
Liu et al. [2.83] further explained that the old oxide layer needed to expand more to make
room for the increase in volume and given that SiO2 is extremely viscous below 960 0C
[2.88], the expansion of the old oxide layer would cause a great stress normal to the Si/SiO2
interface and hence, the process of further oxidation was impeded.
By modifying the Deal-Grove’s planar oxidation model with the appropriate
boundary conditions in cylindrical coordinates and model the oxidation kinetics as diffusionlimited:

𝑑𝑥0
1
𝐶∗
=
𝑑𝑡
𝑁 [(𝑥0 )𝑟𝑐 𝑙𝑛 (𝑟0 ) ]
𝐷
𝑟𝑐
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Liu et al. [2.84] to express the oxidation rate (dx0/dt) for a SiNW (Equation 7) in terms of N
(oxide density), C* (the oxidant solubility in the oxide), D (the diffusivity of oxidant in the
oxide), rc (SiNW core radius) and r0 (the outer radius of an oxidized SiNW).
Furthermore, by plotting the diffusivity activation energies (ED) as a function of γ
(γ ≡ r0/rc), which is related to oxide stress through the oxide strain energy, it can be
observed that ED increases with increasing γ as shown in Figure 2.13 (a). This implied that
an increase in ED in a highly stressed oxide reduces the diffusion of the oxidizing species
and this could be a possible cause for the oxidation rate of SiNW to slow down in the selflimiting regime. In addition, from the experimental data, the dependence of final SiNW core
diameter on the starting Si column diameter was also observed in Figure 2.12 (b).

Figure 2.13 (a) illustrates the increase of diffusivity activation energy (ED) with the increase of γ and
the oxide strain energy also shows the same trend. Figure 2.13 (b) shows that the final Si core diameter
at the self-limited regime is dependent on the initial Si column before oxidation.

The oxidation kinetics model was further enhanced by Cui et al. [2.85] whereby in
their kinetic model, they assumed that the diffusion of the oxidizing species dominates the
oxidation of SiNWs. Furthermore, they also suggested that there is a region (~1nm) of high
density oxide near the Si/SiO2 interface and the oxide density increases monotonically with
oxidation. Interfacial stress caused a change in the distribution of ED in the high density
oxide and resulted in self-limiting oxidation behavior in SiNWs. Consequently, their model
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was in close agreement with the initial fast oxidation regime, which was attributed to the
higher surface Si atom ratio and the enhancement of the equilibrium concentration of the
oxidant and with the self-limiting regime, which was caused by the suppressed diffusion of
oxidants due to the existence of the high density oxide region near the Si/SiO2 interface as
shown in Figure 2.14.

Figure 2.14 Close agreement between the experimental data from Lui et al. [2.84] and the simulation
data from Cui et al. model [85]. The model successfully replicates the exponential increase in the
oxidation thickness from 0 min to ~ 120 mins and the self-limiting oxidation effect from 120 mins
onwards.

Besides the modeling of oxidation kinetics to find the root cause of self-limiting
oxidation in SiNWs, Ma et al. [2.86] extended the idea and incorporated SiNW shape
engineering into his model. In his experiment, SiNWs are fabricated from the oxidation of Si
fins, with (100) orientation at the top surface and (110) orientation at the side-walls, built on
SOI wafers. Similar to the previous models discussed, Ma et al. attributed the self-limiting
effect in oxidizing SiNWs to the extremely reduced diffusivity of oxidants as a result of the
high compressive hydrostatic pressure near the Si/SiO2 interface. In addition, the retardation
of oxidant diffusivity is orientation-dependent with (100) plane suffering more severe stress
retardation than (110) plane. Furthermore, Ma et al. also used his model to predict the final
shape of the SiNW after oxidation. Figure 2.15 illustrates the close agreement of the final
SiNW cross-sectional shape from TEM and simulation results using Ma et al.’s model.
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Figure 2.15 Simulation and TEM results showing close agreement with one another. (a)-(a’) 850 oC after
22hrs, (b)-(b’) 875 oC after 15hrs, (c)-(c’) 975 oC after 2hrs [2.86].

2.4

Schottky barrier (SB) Source/Drain (S/D) transistors

2.4.1 Fundamentals of Schottky barrier
Schottky barrier is a potential barrier formed at a metal-semiconductor (MS) junction.
The barrier can be identified in the energy diagram shown in Figure 2.16. According to
Schottky-Mott rule, Schottky barrier height (SBH) or ΦB is predicted to be the difference
between metal work function (Φm) and the electron affinity (χs) of the semiconductor and is
expressed as follows
𝛷𝐵 ≈ 𝛷𝑚 − 𝜒𝑆

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (8)
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Figure 2.16 ΦB band diagram of an arbitrary MS Schottky diode.

The Schottky Barrier Height (SBH) is dependent on the work function of the metal
used and the semiconductor material listed in [2.87]. ΦB calculated in Equation (8) assumes
that there are zero metal-induced gap states (MIGS) or surface states such as surface
dangling bonds and impurities [2.89-2.91]. However, in practice, ΦB is strongly influenced
by Fermi level pinning caused by MIGS and surface states. Taking into account of Fermi
level pinning, the general form of ΦB is [2.92]:
𝛷𝐵 ≈ 𝛷𝑚 − 𝜒𝑆 + 𝑞𝑉𝑖𝑛𝑡

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (9)

where Vint is the voltage drop across the dipoles and/or charge re-distribution between the
metal and semiconductor during the MS interface formation, and q is the electronic charge.
Mönch attempted to explain the dependence of ΦB of a MS junction through adding
charge density from MIGS into the charge neutrality equation in [2.89]:
𝑄𝑀 = 𝑄𝑆 + 𝑄𝑀𝐼𝐺𝑆

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (10)

where QM is the charge density on metal side, QS is the space charge density of
semiconductor and QMIGS is the charge density contributed by MIGS. In addition, ΦB can be
correlated to the electronegativity difference between the metal and semiconductor by
assuming a charge neutrality level whereby MIGS above and below this level have acceptorlike and donor-like behaviors, respectively. Hence, the relationship between SBH and
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electronegativity difference, assuming the MS junction is abrupt, defect-free and laterally
homogeneous, can be given as
𝛷𝐵 = 𝛷𝐶𝑁𝐿 + 𝑆𝑋 (𝑋𝑀 − 𝑋𝑆 )

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (11)

where ΦCNL corresponds to charge neutrality level, XM and XS denote the electronegativity of
metal and semiconductor and SX is a fitting parameter called the slope parameter. Figure
2.17 depicts Fermi level pinning as a result of MIGS.

Figure 2.17 Energy band diagram showing Fermi level pinning at MS interface.

Another school of thought by Tung suggested the cause of Fermi level pinning is due
to the chemical bonding to achieve thermodynamic equilibrium at the MS interface [2.92,
2.93]. The nature and morphology of the very first interfacial layer of the MS contact when
metal first comes into contact with semiconductor is highly dependent on the chemical
reactions, surface diffusion and inter-diffusion. Therefore, interfacial defects are created and
dominate ΦB. Through experiments [2.94], the effect of interfacial structure on ΦB can be
observed as ΦB becomes dependent on the epitaxial orientation of NiSi2.

2.4.2 Operating principles of Schottky Barrier S/D transistors
The operating principles of Schottky Barrier MOSFET are illustrated and compared
with those of conventional MOSFET in Figure 2.18.
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Figure 2.18 Band diagram on surface and sub-surface of (a-c) SB-NMOS and (d-f) conventional NMOS
[2.95].

When a positive gate voltage is applied, the semiconductor channel is bent
downwards. This causes the barrier to electron injection from the source into the channel to
be lowered and thermionic emission (TE) occurs. As the gate voltage increases, the barrier is
further lowered. When the barrier is lowered to be equal to ΦB, the drive current is limited
by Thermionic Field Emission (TFE), i.e., tunneling through the Schottky barrier. The main
carriers, in this case, are electrons. In theory, hole current can also be conducted by the same
mechanisms from the drain side but because of the Vbi, the effective ΦB to holes is high and
hole current is suppressed. By increasing the gate and/or drain bias, the effective ΦB to
electrons can be substantially reduced by image force barrier lowering [2.96, 2.97]. At the
same time, the barrier width is thinned significantly as a result of high electric field at source
to channel junction [2.91, 2.95] and tunneling of electrons is enhanced. Hence, current is
increased by increasing gate/drain bias.
SB MOSFET exhibits ambipolar conduction whereby the flow of current for both
positive and negative gate biases is contributed by both the electron current from the source
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and hole current from the drain. Thus, whether the MOSFET behaves as NMOS or PMOS
depends entirely on the bias conditions and not on the Fermi level of semiconductor (as in
the case of conventional MOSFET) or ΦB of MS junction. It is worthwhile to take note that
SB MOSFET has two main disadvantages compared to conventional MOSFET: (1) SB
MOSFET has lower drive (on-state) current since the current is TFE-limited. (2) SB
MOSFET has higher leakage (off-state) current due to ambipolar conduction.

2.4.3 Schottky Barrier Height Tuning
In the previous section, the current transport mechanism of SB MOSFET has been
discussed. Clearly, SB MOSFET performance is hindered by the existence of ΦB and it is
vital to have low electron SBH (n-SBH) for NMOS and hole SBH (p-SBH) for PMOS. In
this section, various SBH tuning methodologies will be discussed.
To implement complementary performance in SB MOSFET, both NMOS and PMOS
are required. This can be achieved by using two different silicides, one having low p-SBH
for PMOS and one having low n-SBH for NMOS. ErSi2-x with n-SBH between ~ 0.27eV to
0.32 eV [2.95, 2.98, 2.99] and PtSi with p-SBH between ~ 0.15 eV to 0.24 eV [2.100-2.102]
are used for NMOS and PMOS, respectively. Apart from ErSi2-x and PtSi, YbSi2-x and IrSi
have been proposed to give lower n-SBH and p-SBH, respectively. Zhu et al. [2.103]
fabricated SB-NMOS using YbSi2-x as S/D material and reported higher drive current and
lower leakage compared to ErSi2-x. They attributed the improved performance to lower nSBH and smoother YbSi2-x/Si interface. Through empirical calculations, IrSi presents the
lowest p-SBH with an extracted value of ~ 0.11 eV [2.104]. However, IrSi has not been
applied experimentally to SB-PMOS.
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The stumbling block to use 2 different materials for NMOS and PMOS separately is
the need for additional processing steps. This means silicide for NMOS has to be formed
first followed by the formation of silicide on PMOS. This incurs extra costs since additional
masking layers are required. In retrospect, research has since been re-focused on mid-gap
silicides, including TiSi2, CoSi2, NiSi with SBH ~ 0.6 eV as a result of the simplicity in
process steps [2.105-2.108]. Therefore, the SBH tuning methods used must focus on these
mid-gap silicides to achieve low effective SBH.

2.4.4 Dopant Segregation Technique – a viable solution to tune Schottky
Barrier Height of mid-gap silicide
Dopant segregation works on the principle of difference in solid solubility of dopants
in silicide and silicon. When silicidation occurs on a doped silicon substrate, dopants are
found to “pushed” out of the silicide where they are piled up at the silicide/silicon interface
to form a very thin, high concentration doping layer with a very steep profile [2.100-2.110].
A typical SIMS profile of dopant segregation on bulk Si substrate is shown in Figure 2.19.

Figure 2.19 Typical SIMS profile of boron doped Si substrate before and after NiSi formation. High
concentration of boron atoms is found at the NiSi/Si interface [2.100].
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Currently, there are two methods to engineer dopant segregation. The first option is
known as silicidation induced dopant segregation (SIDS) which is described above. This
method will also be used for the work in this dissertation. The second option is silicide as
diffusion source (SADS) where dopants are pre-implanted into the silicide and subsequently,
thermal annealing is employed to diffuse the dopants to the silicide/silicon interface [2.100].
Kinoshita et al. first attempted to integrate dopant segregation into silicided S/D
regions of SB MOSFET in an effort to reduce ΦB, so as to achieve higher device drive
current with lower leakage. The term Dopant Segregated Schottky (DSS) MOSFET was thus
coined [2.106]. The DSS MOSFET architecture was illustrated in Figure 2.20. There are two
important aspects to keep in mind in order to achieve SBH modulation without losing the
merits of Schottky junctions: (1) the dopant layer must be sufficiently thin (< 5nm) to be
fully depleted and (2) the dopant layer must have concentration > 1 x 1020 atoms/cm3.

Figure 2.20 Schematics of (a) ideal DSS MOSFET with ultra-thin segregated regions and (b) a
practical DSS MOSFET with finite yet fully depleted segregated regions [2.106].

The beauty of utilizing DSS is the additional contact potential at the metal-silicon
junctions, which effectively increase the barrier height for off-state carriers and reduce the
barrier width for on-state carriers. The working mechanisms of on- and off-state carrier
transport is shown in Figure 2.21 with band diagrams.
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Figure 2.21 Energy band diagrams during (a) on-state and (b) off-state of DSS and Schottky PFETs
[2.111].

When the device operates in on-state as shown in Figure 2.21 (a), the segregated
dopant region reduces the depletion width of the source and channel which enhances the
tunneling of holes through the barrier. Furthermore, the drain receives additional built-in
potential from the distorted energy band. Therefore, electrons ‘see’ a higher barrier height
and electron current is reduced. Hence, the effective drive current is improved by hole
injection from the source side. On the contrary, when the device is in the off-state, the
additional built-in potential at the drain side prevented electron tunneling. Hence, the overall
leakage current is greatly suppressed. Figure 2.22 depicts the transfer characteristic of DSS
MOSFET reported in [2.111].
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Figure 2.22 Transfer characteristics of DSS MOSFET shown as Modified Schottky Barrier (MSB)
FinFET, conventional MOSFET (CN FinFET) and Schottky Barrier MOSFET (SB FinFET) in [2.111].

2.5

Nickel Silicide
Nickel silicide shows several advantages over TiSi2 and CoSi2 and this propels the

industry to switch to nickel silicide for contact metallization. Amongst the three silicides,
nickel silicide is formed at very low temperature (~ 400 0C), has the least silicon
consumption, smooth silicide/Si interface, lowest specific resistivity, insensitivity to Si
substrate doping and no “fine-line effect” [2.112-2.114]. Based on binary phase diagram,
there are six stable nickel silicide phases at room temperature (Ni3Si, Ni31Si12, Ni2Si, Ni3Si2,
NiSi and NiSi2).
In the case of thin film reaction between Ni and Si, it is discovered that there is a
sequential phase. In situations where TNi << TSi (TNi = Ni thickness, TSi = Si thickness), the
silicides are formed in the order of Ni2Si  NiSi  NiSi2. However, in the case where
TNi >> TSi, the silicides are formed in the order of Ni2Si  Ni5Si2  Ni3Si. Despite its
numerous advantages, NiSi was not the first candidate of choice due to its low
morphological and thermal stability. NiSi agglomeration issue is reported to occur between
550 0C and 600 0C [2.115, 2.116]. In addition, at 700 0C, NiSi phase becomes unstable and
transforms into NiSi2 phase which has three times higher specific resistivity [2.117]. On top
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of that, NiSi2 phase is accompanied by 1.7 times volume expansion which implies higher Si
consumption and NiSi2 typically has a rough surface and interface [2.118]. These
observations are deem NiSi2 undesirable for junction integration.

2.6

Summary
The background and relevant theories of short-channel effects (SCEs) have been

covered, together with the options to suppress SCEs. Also, the relevant concepts of SiNW
formation by bottom-up and top-down approaches have been discussed. In addition,
concepts on Schottky barrier formation, the operation and architecture of Schottky barrier
MOSFET have been discussed. Lastly, dopant segregation technique has also been
introduced and discussed.
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CHAPTER 3
DEVICE DESIGN AND FABRICATION
PROCESS FLOWa

3.1

Introduction
The continuous and aggressive scaling of MOSFETs for higher integration to realize

performance improvements in large-scale integrated circuits have led to the aggravation of
Short Channel Effects (SCEs), such as Drain-Induced Barrier Lowering (DIBL), subthreshold swing (SS) and Threshold Voltage (VT) roll-off, which instigated an increase in the
off-state leakage current (Ioff).
One solution to reduce the SCEs in scaled MOSFETs is to boost the electrostatic
control of the gate electrode over the channel by increasing the number of gates surrounding
the channel. Three-dimensional structures including FinFETs, multiple gate FETs and
nanowire (NW) FETs are proposed to achieve this objective. Among them, NWFET is the
most promising candidate owing to the ease of fabricating Gate-All-Around (GAA)
architecture around it and the best electrostatic control.
In reported literature, many successful cases whereby LNW-GAA-MOSFETs [3.13.3] have shown to mitigate the SCE challenges. However, LNW-GAA-MOSFETs suffer
from two fundamental issues.
a

Reproduced in part from L. Weijie, P. Kin Leong, W. Xinpeng, L. Xiang, C. Zhixian, N. Singh, et al.,"Vertical Silicon Nanowire Diode
with Nickel Silicide Induced Dopant Segregation," Japanese Journal of Applied Physics, vol. 51, p. 11PE08, 2012.
Copyright (2016) with permissions from The Japan Society of Applied Physics
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The first issue is "parasitic gate" effect.. A trail of poly-Si underneath the S/D
extension is left behind after the gate etching process, commonly known as the poly-Si
stringer [3.4]. The presence of poly-Si stringer boosts the parasitic leakage paths and in turn,
higher leakage current. An illustration is provided in Figure 3.1 to better depict the "parasitic
gate" effect.
The second issue is estate area per wafer and limited capability of lithography optics.
With identical gate orientation as planar devices, LNW-GAA-MOSFETs will need to scale
down its gate length to accommodate more devices per unit area and this leads to the same
scaling issues faced by the planar counterparts.

Poly-Si stringer

Silicon Nanowire

Drain

Source

Drain

Source

Gate

Gate

Buried Oxide

Buried Oxide

Silicon
substrate

Figure 3.1 Demonstration of LNW-GAA-MOSFET with (left) and without (right) trail of poly-Si
stringer underneath S/D extension [3.4].

VNW-GAA-MOSFETs are able to alleviate the issues faced by LNW-GAAMOSFETs while harnessing the benefits of 1D SiNWs. Essentially, VNWs are identical to
LNWs in every aspect, except the channel and gate regions are vertically-oriented. Figure
3.2 (a) [3.5] shows a schematic of VNW-GAA-MOSFET and Figure 3.2 (b) shows colored
cross-sectional Transmission Electron Microscope (TEM) image of VNW-GAA-MOSFET
[3.6].
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(b)

(a)

Metal
Contact
VNW
Gate-AllAround

Figure 3.2 (a) Illustration of VNW-GAA-MOSFET array connected to metal contacts. Inset of (a) shows
the zoomed-in cross-sectional view of a nanowire with gate stack composed of gate oxide and gate
surrounding the nanowire [3.5]. (b) Transmission electron micrograph of VNW-GAA-MOSFET [3.6].

In this chapter, the feasibility of fabricating VNWs on Si substrate using standard
CMOS processes is studied and the fabrication of devices such as Schottky Barrier (SB),
Dopant-Segregated Schottky Barrier (DSSB) VNW diodes and transistors using VNW as the
fundamental platform are discussed in detail.
Section 3.2 details every fabrication step of VNW using standard CMOS processes
with tilted Scanning Electron Microscope (SEM) images. Section 3.3 discusses the
fabrication of VNW SB and DSSB diodes. Section 3.4 examines the fabrication of GAAVNW SB and DSSB transistors. Lastly, Section 3.5 provides a short summary of the
essential concepts discussed.

3.2 Fabrication of Vertical Silicon Nanowire using standard
CMOS processes
VNWs are fabricated on 200mm p-type (~ 1015cm-3) Si (100) wafers using fully
CMOS-compatible processes. The main reason to use CMOS-compatible processes is for
ease of integration into the industry mainstream in the future.
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3.2.1 Details of fabrication process
The cross-section schematics of the fabrication process can be found in Figure 3.3.
Firstly, nitride (SiN) hard-mask layer (~1000Å) was deposited using Low Pressure Chemical
Vapour Deposition (LPCVD) furnace method onto the Si wafers. Subsequently, photoresist
(PR) nanodots with diameters from 170nm to 450nm were patterned using 248nm KrF
lithography Nikon stepper. The patterned PR nanodots were then trimmed down to between
60nm - 300nm via Deep Reactive Ion Etch (DRIE) process step in STS-DRIE CMOS etcher.
Subsequently, the PR nanodots were transferred to the hard-mask by etching away exposed
nitride surfaces in TEL-RIE etcher with over-etch (OE). This OE step is critical because it
ensures that there is no nitride residue remaining on the Si wafer surface which may serve as
micro-masks in the later process steps.
Following the hard-mask layer etch, the Si wafers were subjected to DRIE process
again whereby 300nm of exposed Si was etched away to form thick vertical Si pillars.
Figure 3.4 (a) shows the tilted Scanning Electron Microscope (SEM) image of a single
vertical Si pillar taken from center of the wafer and Figure 3.4 (b) shows the tilted SEM
image of a single vertical Si pillar taken from the wafer edge. From Figures 3.4 (a) and (b), it
is observed that regardless of the wafer measurement location, there is negligible difference,
in terms of pillar height (~ 340nm) or diameter (~65nm). At the same time, we observe that
the shape of the vertical pillar is not perfectly straight but is slightly tapered near the bottom
of the pillar as shown in Figure 3.4 (c). This is due to the Si etching process that inherently
produced a tapered pillar profile.
In the DRIE process, deep vertical Si etch was achieved at a fast rate via alternating
passivation and etching steps, also known as the Bosch process. Firstly, C4F8-based plasma
was used to produce a conformal layer of polymer, with a thickness of a few monolayers,
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which serves as a protecting layer across all surfaces exposed to the plasma. Subsequently,
the gas switched to SF6 to create a plasma chemistry that etches Si anistropically. Lastly,
with the use of DC biasing to the plate, the plasma ions bombard the exposed Si surface
parallel to the surface of the wafer at a much higher rate. This etching was done by fluorinebased species while the polymer protects the pillar sidewall from etching.

Photo
resist

SiN
Hardmask

(a)

Deep
Reaction
Ion Etch
(DRIE)

(b)

(c)

Vertical
Nanopillar

Si

(e)

(d)

Freestanding
Vertical
Nanowire

Vertical
Nanowire
after
oxidation

Figure 3.3 Cross-sectional schematics showing (a) nanodots formed on blanket Si wafers using 246nm
KrF lithography and resist trim, (c) vertical Si pillar formed after DRIE process in (b) with a film stack
consisting of photoresist and SiN as hardmask, (d) vertical SiNW after dry thermal oxidation of Si pillar
in (c) and oxide release, (e) vertical SiNW without hardmask.

After the vertical Si pillars ~ 300nm in height was achieved, the PR was removed
using a combination of wet process steps using diluted hydrofluoric acid (DHF) (HF: H2O)
with a ratio of (1:100) and Sulfuric-Peroxide Mixture (SPM) (H2SO4: H2O2) with a ratio of
(4: 1). Firstly, the wafers were immersed in DHF for 10 sec to soften the PR for easy
removal. Subsequently, the wafers were immersed in SPM for 10 mins to remove the PR and
any PR residue on the wafers. This is followed by a 10 cycle de-ionized (DI) water rinse and
100 rotations per minute (RPM) spin-dry with N2 flow to dry the wafers.
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Nitride
hardmask

Nitride
hardmask

Vertical
Si pillar

Vertical
Si pillar

Figure 3.4 Tilted Scanning Electron Microscopy (SEM) images of vertical Si pillars, before thermal
oxidation, located at the (a) center and (b) edge of the wafer. Both pillars exhibited heights of ~ 340nm and
~ 342nm and widths of ~ 64nm and ~ 66nm, respectively. (c) shows the SEM image of a fat vertical Si pillar
with obvious tapering at the bottom of the pillar (Inset shows the zoom-in image with dotted white lines to
serve as guide for the eye).

To obtain vertical Si nanowires (VSiNWs) of the desired size, self-limited oxidation
is required to reduce the diameter of the vertical Si pillars. Before loading the Si wafers into
the thermal oxidation furnace, the wafers were immersed into SC1 (NHOH4: H2O2: H2O)
solution with a ratio of (1: 1: 5) for 5 mins at 750oC. This was followed by a 10 cycle deionized (DI) water rinse. This step is to remove organic residue. Subsequently, the wafers
were immersed in DHF with a ratio of (1: 200) for 2 mins, followed by a 10 cycle DI water
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rinse. This step is to remove any native oxide found on the Si surface. Lastly, the wafers
were dried by N2 flow and loaded immediately into the thermal oxidation furnace.
Dry thermal oxidation process, with 10% O2 and 90% N2, was used to oxidize the Si
nanopillars. DHF solution with a ratio (1: 25) was then used to release the VSiNWs formed.
Following that, the wafers went through a 10 cycle Di water rinse and 100 RPM low spindry. SEM images of VSiNWs released after the thermal oxidation process are shown in
Figure 3.5. VSiNWs with diameter of 20 nm to 200 nm were achieved. After VSiNW
release, the SiN hard-mask was removed via hot H3PO4 solution wet etch. Figure 3.6 depicts
the flow-chart detailing the whole fabrication process.

Nitride
hardmask

Nitride
hardmask

Vertical
SiNW

Vertical
SiNW

(d)

(c)

100nm

100nm

Figure 3.5 (a) and (b) shows the SEM images of vertical SiNWs (VSiNWs) after the Si pillars, shown in
Figure 3.4, have undergone thermal oxidation to reduce the pillar diameter. The VSiNW diameter in (a) is
~ 30nm and (b) ~ 34nm while the VSiNW height remains ~ 340nm. Figure 3.5 (c) and (d) shows freestanding VSiNWs after undergoing nitride hard-mask removal.
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3.2.2 Summary of whole fabrication process
1000Å LPCVD nitride hard-mask deposition

Nanodot definition and PR trimming

Hard-mask pattern transfer DRIE etch

Vertical Si pillar formation and PR removal

VSiNW formation by self-limited oxidation

VSiNW oxide release

Figure 3.6 Process flow for fabricating Vertical Silicon Nanowire via CMOS-compatible processes
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3.3 Fabrication of VSiNW Schottky Barrier and VSiNW
Dopant Segregated Schottky Barrier diode
The diodes studied in this work made use of VSiNW as the starting infrastructure
and are fabricated on 200mm Si substrates. There were 2 splits of the diode of interest,
namely, VSiNW Schottky (VSiNWSB) diode, whereby only the top portion of VSiNW is
metallized with nickel silicide and VSiNW Dopant Segregated Schottky (VSiNWDSSB)
diode, whereby a thin layer of implanted dopants segregates at nickel silicide/silicon
interface within the top portion of VSiNW.

3.3.1 Fabrication details of VSiNW-SB diode
After obtaining the VSiNWs described in Section 3.2, non-conformal high density
plasma (HDP) oxide deposition followed by RIE oxide etch back was done to obtain a 40
nm oxide spacer around the VSiNWs (Figure 3.7d). The substrate was subsequently doped
with BF2 (10 keV/ 4 x 1015 cm-2/ 0o tilt; activation 10000C/ 5s) to achieve an Ohmic contact
to the substrate. HDP oxide deposition followed by chemical and mechanical polishing
(CMP) and DHF etch-back were used to expose only the VSiNW tip for metallization.

Silicide formation
To silicidize the top portion of VSiNW, 300Å Ni was deposited followed by rapid
thermal annealing (RTA) in nitrogen ambient. During the RTA process, Ni will intrude into
the VSiNW and thus silicidizing only the top portion of ViSNW to form NixSiy (Figure 3.7f).
Finally, aluminum metal contacts were formed and sintering (10% H 2: 90% N2) was
performed at 4200C for 30 min (Figure 3.7g).
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p-Si
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(f)
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Figure 3.7 Schematics of fabrication process for VSiNWSB diodes: (a) Formation of SiN hardmask on p-Si
substrate for subsequent etching of vertical Si pillar and formation of VSiNW upon thermal oxidation in
(b). (d) Formation of substrate Ohmic contacts via implantation with VSiNW remaining intrinsic due to
the presence of HDP oxide spacer formed in (c). (e) Deposition of Ni layer to form Ni xSiy in (f) using
appropriate metallization conditions such that only the top VSiNW portion becomes silicided. Finally, Al
contacts formation in (g) for device electrical probing.

3.3.2 Vertical Silicon Nanowire Dopant Segregated Schottky Barrier
diode (VSiNW-DSSB) splits
In the study of VSiNW-DSSB diodes, p- and n-substrates were used. To achieve nsubstrate, 50 Å of oxide was grown via dry thermal oxidation on the p-type Si wafers in
Section 3.2.1 to serve as screening oxide before the wafers were subjected to phosphorus (P)
implantation with implant and annealing conditions simulated using Synopsys TSUPREM4
simulation software.
The P implantation was simulated using 170keV / 7o tilt / 0 rotation and 2 different
doses, 5 x 1012 cm-2 and 1 x 1013 cm-2. Different implant dose was used to study the effect of
substrate doping on ideality factor and Schottky Barrier Height (SBH) of the diodes. After
the implant process, the annealing condition was simulated using 1100 0C for 300 mins.
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From the simulation results shown in Figures 3.9 and 3.10, the annealed wafers were
successfully n-doped with uniform concentration of 4 x 1016 cm-3 and 1 x 1017 cm-3.
After getting the required starting p- and n-substrates, VSiNW diodes were
fabricated on the wafers as described in Section 3.3.1. To achieve Ohmic contact, the nsubstrates were doped with Arsenic (10keV / 4 x 1015 cm-2 / 0o tilt / 0 rotation; activation
1000oC for 5 s) while the p-substrates were doped with BF2 (10 KeV/ 4 x 1015 cm-2/ 0o tilt;
activation 1000oC/ 5s).
VSiNW tips were then exposed through HDP oxide deposition, CMP and chemical
oxide etch back process steps. An additional implant step was inserted before the nickel
silicidation process to segregate the implanted dopants at the silicide/silicon interface during
the silicide formation. BF2 (four orthogonal implants: 10keV / 1 x 1015 cm-2 per rotation / 7o
tilt) was implanted into the n-doped VSiNWs and Arsenic (four orthogonal implants: 10keV
/ 1 x 1015 cm-2 per rotation / 7o tilt) was implanted into the p-doped VSiNWs.
Subsequently, Al contacts were formed for device electrical probing. The fabrication
process steps for VSiNW-DSSB diodes are depicted in Figure 3.8.

Nitride
hardmask

PR

(d)

(c)

(b)

(a)

BF2 implant

HDP oxide

HDP oxide
spacer
p-Si

(e)

p-Si
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(h)

(g)

Ni deposition

p-Si

Metal contacts
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Figure 3.8 Cross-sectional schematics of device: (a) Nitride hard-mask definition on p-substrate. (b)
Nanowire etch using DRIE and thermal oxidation. (c) Oxide spacer formation. (d) Vertical BF 2 implant
for bottom contact. (e) Arsenic implant to exposed SiNW top for dopant segregation. (f) 30 nm Ni layer
deposition. (g) NixSiy formation using RTA anneal. (h) Aluminium contact formation.
Page 59

Chapter 3 Device Design and Fabrication Process Flow

(a)

(b)

Figure 3.9 TCAD simulation results of dopant distribution profiles for (a) as-implanted (Phosphorus/
170keV/ 5 x 1012 cm-2/ 7o tilt/ 0o rot) and (b) after thermal annealing (1100 oC, 300 mins).
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(a)

(b)

Figure 3.10 TCAD simulation results of dopant distribution profiles for (a) as-implanted (Phosphorus/
170keV/ 1 x 1013 cm-2/ 7o tilt/ 0o rot) and (b) after thermal anneal (1100 oC, 300 mins).
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3.3.3 Summary of VSiNW diode splits
A summary of the different diode fabrication processes is depicted in Figure 3.9 for
easy comparison.

Vertical Si Pillar Formation
VSiNW formation by self-limited oxidation
Oxide spacer formation
DSS splits

Baseline
BF2 substrate
contact implant

BF2 substrate
contact implant for
n-type substrate

Arsenic substrate
contact implant for
p-type substrate

High Density Plasma (HDP) oxide deposition and etch back
BF2 tip implant for
dopant segregation

Arsenic tip implant for
dopant segregation

Ni deposition
RTA silicidation
Removal of un-reacted Ni
Contact metal formation
Figure 3.11 Process flow for VSiNW-SB and -DSSB diodes
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3.4

Gate-All-Around Vertical Silicon Nanowire (GAA-VSiNW)
Transistor Fabrication
This section gives an overview of the CMOS processing of GAA-VSiNW p- and n-

MOS transistors used in this work. There are three experimental splits, namely, baseline
MOSFET with poly-gate and doped source/ drain (S/D), Fully Silicided (FUSI) MOSFET
with tuned-FUSI gate and Schottky S/D, and FUSI MOSFET with tuned-FUSI gate and DSS
S/D. Figure 3.12 shows the fabrication schematics of GAA p- and n-MOS transistors with
highly doped S/D and poly-Si gate.

3.4.1 Baseline GAA-VSiNW MOSFET fabrication flow
Freestanding VSiNWs were used as the basic infrastructure to fabricate the GAA pand n-MOS transistors. The fabrication of freestanding VSiNWs was explicitly discussed in
Section 3.2.1 under Chapter 3. After achieving the VSiNWs, screening oxide ~ 100Å was
deposited using Applied Materials Plasma Enhanced Chemical Vapour Deposition (AMATPECVD) system followed by arsenic implant (30keV / 5 x 1015 cm-2 / 0o tilt / 0 rotation) for
n-MOS and BF2 implant (15keV / 5 x 1015 cm-2 / 0o tilt / 0 rotation) for p-MOS. The wafers
were then annealed at 1100oC for 10 sec in N2 environment using Rapid Thermal Annealing
(RTA) process. Now, the substrate becomes highly-doped and will serve as the source
region of the MOSFET.

Gate stack formation
After the RTA process, bottom isolation oxide (~800Å), using oxide PECVD
deposition and DHF etch back, was formed to isolate the gate and substrate regions.
Subsequently, the remaining nitride hard-mask on top of the VSiNWs were removed in
H3PO4 (180 oC) solution before the dry thermal growth of ~45Å gate oxide. Following the
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growth of gate oxide, 500Å of α-Si layer was deposited using LPCVD furnace process and
this was succeeded with Phosphorus and BF2 implants (5keV / 1 x 1015 cm-2 / 20o tilt/ 4
rotations) and annealed at 950oC for 10 sec to achieve poly-Si gates for n-and p-MOS,
respectively.

Gate Length definition
To achieve gate length of 1000Å, gate isolation oxide formation and poly-Si RIE
etch was used. Firstly, ~ 950Å of low temperature high density plasma (HDP) oxide was
formed on top of the poly-Si via HDP-PECVD deposition and wet chemistry etch-back.
Subsequently, the exposed poly-Si was removed using RIE etch and nitride spacer (~500Å)
was formed around the sidewall of the exposed poly-Si. The purpose of the nitride spacer
will be explained later in Section 3.4.2. Now, only the VSiNW top surface is exposed.

Drain formation
The exposed VSiNW top surface was heavily doped with vertical Phosphorus or BF2
implants (5keV / 4 x 1015 cm-2 / 0o tilt/ 0o rotation) for n- and p-MOSFET, respectively. The
wafers were then RTA-annealed 1050oC for 5 sec to activate the dopants. The gate isolation
oxide was then removed by immersing the wafers in DHF (1: 100) solution. Following that,
248nm KrF lithography and RIE etch were used to pattern the gate. The VSiNW tip will be
the drain region of the MOSFET.

Contact formation
Quadruple layer, consisting of nitride, PECVD oxide, HDP oxide and PECVD oxide,
was deposited onto the wafers and CMP (Chemical Mechanical Polishing) to flatten the
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surface. Following that, contact holes were patterned and etched and metallization was done
to complete the fabrication process.
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Figure 3.12 Fabrication schematics of GAA p- and n-MOS transistors with highly-doped S/D and polySi gate
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3.4.2 Tuned FUSI GAA-VSiNW MOSFET Schottky split
In this section, the process flow for GAA-VSiNW MOSFET with tuned FUSI gate
and Schottky S/D is discussed. Figure 3.13 illustrates the detailed fabrication schematics.
After defining the gate length discussed in Section 3.4.1, the gate isolation oxide was
removed by immersing the wafers into DHF (1:100) solution. Do note that no implant step
was performed. Gate patterning was done using 248nm KrF lithography and RIE etch.
During the RIE etch, exposed bottom isolation oxide was also removed with photoresist
(PR) serving as the etching hard-mask.

Schottky S/D and FUSI gate formation
After PR removal, 300Å Ni was deposited using Physical Vapour Deposition (PVD)
method. The wafers were then sent for 2-step RTA silicidation to form the desired Ni
silicide phase, as discussed in Section 3.5. By doing so, the VSiNW tip (Drain), bottom
(Source) and poly-Si (Gate) layer will be silicided together. Since nickel silicide cannot be
formed over silicon oxide or nitride layers, the nitride spacer prevents the drain and gate
regions being electrically connected. Following which, the quadruple layer of nitride,
PECVD oxide, HDP oxide and PECVD oxide was deposited and CMP was performed
before contact holes etch and metallization.
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Figure 3.13 Fabrication schematics for Tuned FUSI gate GAA-VSiNW Schottky transistor

3.4.3 Tuned FUSI GAA-VSiNW MOSFET DSS split
The process flow for DSS split is a combination of the baseline and Schottky split
process flows. Figure 3.14 details the fabrication schematics of the tuned FUSI GAAVSiNW DSS transistors.
In the DSS split, the fabrication started with a process flow identical to the baseline.
A small change in the flow occurred during the RIE gate patterning etch process. The
bottom isolation oxide was removed together with the exposed poly-Si layer. Subsequently,
the PR was removed and 300Å Ni was deposited using PVD method. A 2-step RTA
silicidation was used to form the nickel silicide, same as the process flow for Schottky split.
Following that, the quadruple layer of nitride, PECVD oxide, HDP oxide and PECVD oxide
was deposited and CMP was performed before contact holes etch and metallization.
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Figure 3.14 Detailed fabrication schematics of tuned FUSI GAA-VSiNW DSS transistors
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3.4.4 Summary of GAA-VSiNW MOSFET splits
VSiNW formation by self-limited oxidation

Oxide spacer formation (~100Å)

Substrate implants

Gate stack formation

Gate length definition

Baseline

Schottky split

DSS split

DSS implant into
exposed VSiNW tip

Drain
formation

Nickel deposition and 2-step RTA silicidation

Contact formation
Figure 3.15 Process flow for baseline, Schottky and DSS GAA-VSiNW MOSFETs

Figure 3.15 depicts the overall process flow for the various experimental splits of
GAA-VSiNW transistors.
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3.5

Summary
VSiNW is the central and most critical infrastructure in this work because it replaces

the bulk Si substrate as the starting material to build devices such as diodes and transistors.
The process flow to fabricate VSiNW was discussed in great detail. The different fabrication
processes for diodes and transistors studied in this work were also described with emphasis
on several key process steps. Unless otherwise stated, the experimental procedures described
in this chapter would be used in the subsequent chapters.
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CHAPTER 4
Vertical SiNW Schottky
Segregated Schottky Diodesa

4.1

and

Dopant

Introduction
With the downscaling of field effect transistor (FET) geometry to meet Moore’s Law

scaling, silicon nanowires (SiNWs) are viewed as a serious contender to provide Gate-AllAround (GAA) transistor architecture to boost the gate electrostatic control over the channel
inversion. In order to take full advantage of the GAA nanowire geometry, vertical SiNWs
(VSiNWs) are preferred over lateral nanowires because of their reduced device circuit area,
increased circuit speed and reduced circuit power consumption as shown in Table 4.1 [4.1].
Major assumptions used in Table 4.1 are:
1) At a given technology node, the half-pitch “F” is equivalent to the minimum

lithographic printable feature size
2) Circuit speed calculation: Speed α 1/RC α (Area)-3/2
3) Circuit power consumption calculation: Power α CV2 α (Area)
4) Parasitic effect is not taken into account for the calculation

a

Reproduced in part from L. Weijie, P. Kin Leong, W. Xinpeng, L. Xiang, C. Zhixian, N. Singh, et al.,"Vertical Silicon Nanowire Diode
with Nickel Silicide Induced Dopant Segregation," Japanese Journal of Applied Physics, vol. 51, p. 11PE08, 2012.
Copyright (2016) with permissions from The Japan Society of Applied Physics
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Further details pertaining to the device circuit area, circuit speed and circuit power
consumption can be found in [4.1].
Vertical NW
Planar

Lateral NW

8F , 40F

8F2, 24F2
Shrink: ~ 40%

4F2, 12F2
Shrink: ~70%

Circuit speed

1

~ 2.2x

~ 6.1x

Circuit power consumption

1

~ 0.6x

~ 0.3x

Device circuit area

2

2

Table 4.1 Comparison of device circuit area, circuit speed and power consumption between planar bulk
devices, lateral and vertical nanowire devices [4.1].

Since the transistor source/drain (S/D) and channel regions are encompassed within
the VSiNW, Schottky Barrier (SB) junctions are proposed to replace the conventional doped
S/D to alleviate the contact resistance and short channel effects. Currently, PtSi and rare
earth silicides, such as ErSix or YbSix, provided the lowest known Schottky Barrier Height
(SBH) for p- and n-type SB-MOSFETs (Metal Oxide Semiconductor Field Effect
Transistors), respectively [4.2]. Dopant segregation (DS) technique was introduced to
overcome the issue of using different metals for different types of MOSFETs and to further
reduce SBH. In VSiNW structures, the S/D silicide intrusion length and silicide shape are
important for minimizing the gate to S/D parasitic capacitance and the modulation of SBH.

4.2

Silicide intrusion length and silicide interface morphology
The effect of different silicide formation process flow on (i) silicide intrusion length

and (ii) silicide/silicon interface morphology will be discussed in this section. Two types of
silicidation process flow were used in this work, namely, 1-step RTA and 2-step RTA.
In the 1-step RTA process, the wafers were annealed at 450OC for 30 secs after
nickel deposition and subsequently, the un-reacted nickel was removed by SPM. In the 2Page 74
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step RTA process, the wafers were firstly annealed at 275OC for 30 secs, followed by the
removal of un-reacted nickel using SPM and then annealed again at 450oC for 30 secs. The
fabrication of the diodes used in this work is described in Chapter 3.

4.2.1 Effect of silicidation process on silicide intrusion length
Figures 4.1 (a) and (b) show the cross-sectional transmission electron microscopy
(XTEM) images of SB-VSiNW (diameter ~ 50nm) diodes annealed under different RTA
anneal schemes, namely 1-step RTA (450OC) 30 secs and 2-step RTA (275OC, 30 secs
followed by 450OC, 30 secs with the removal of un-reacted Ni after first anneal), both with a
layer of 30nm Ni. From Figure 4.1 (a), the silicide intrusion length into VSiNW is ~ 95nm
after 1-step RTA anneal (measurement is taken with reference to TaN layer). As opposed to
1-step RTA anneal scheme, the 2-step RTA anneal scheme in Figure 4.1 (b) shows no
obvious silicide intrusion into VSiNW through XTEM imaging but from in-situ TEM-EDX
(Energy Dispersion X-ray) analysis shown in Figure 4.2, Ni signals are collected around the
VSiNW tip and TaN areas in Figure 4.3.

Figure 4.1 XTEM images of SB-VSiNW diodes fabricated via (a) 1- and (b) 2-step silicidation methods.
Silicide intrusion was ~ 95 nm after 1-step RTA silicidation. Although no obvious NixSiy intrusion was
observed from the image, Ni signal was detected near VSiNW tip and TaN regions through in-situ TEM–
EDX scan. White-dotted lines denote NixSiy/Si interface.
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(a)

VSiNW tip region

(b)

TaN region

(c)

SiNW body region

Figure 4.2 TEM-EDX micrographs of (a) VSiNW tip region, (b) TaN region and (c) SiNW body region.

From Figure 4.2, Ni signals are detected in all in-situ TEM-EDX scan regions. The
Ni signal intensity increases between VSiNW tip (Figure 4.2 (a)) and TaN (Figure 4.2 (b))
regions with a peak Ni signal intensity in the TaN region and the signal intensity becomes
negligible as the EDX scan region approaches the silicon body (Figure 4.2 (c)). This
signifies that Ni has successfully silicidized into VSiNW using 2-step RTA anneal and the
intrusion length is substantially shorter than 1-step RTA anneal.
For DSSB-VSiNW diodes, the silicide intrusion lengths of both 1-step RTA and 2step RTA anneal schemes are observed in XTEM images as shown in Figure 4.3. After 1Page 76
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step RTA anneal, the silicide intrusion length is ~ 113nm while that of 2-step RTA anneal is
~ 22nm (measurements are taken with reference from the TaN layer). This is about 5 times
reduction in length. The intrusion length is confirmed by the in-situ TEM-EDX analysis
results. The suppression of silicide intrusion length by using two-step silicide annealing
process is consistent with reported literature using planar [4.3] and lateral nanowire [4.4]
structures.

Figure 4.3 XTEM images of DSSB-VSiNW diodes fabricated via (a) 1- and (b) 2-step silicidation
methods. Insets are the magnified view of NixSiy/silicon interface and the in-situ TEM–EDS data. Whitedotted lines denote NixSiy/silicon interface.
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4.2.2 Effect of silicidation process on silicide/silicon interface morphology
A common observation from the XTEM micrographs in Figures 4.1 and 4.3 is the
formation of a V-shaped silicide interface after one-step silicidation at 450 0C. From the insitu TEM-EDX analysis [inset of Figure 4.3 (a)], the Ni to Si ratio is found to be 1:2 and this
confirms that NiSi2 is formed within the VSiNW after 450 0C anneal. The angle of V-shaped
silicide facets within VSiNW is identical to the epitaxial growth of NiSi2 pyramidal facets
along Si <111> planes in Si (100) thin film [4.6] and this further verifies the existence of
NiSi2 in our sample. This is an unexpected result because NiSi2 usually occurs at
temperatures above 550 0C [4.5]. A possible explanation for the formation of NiSi2
pyramidal facets at reduced temperature is proposed.
Firstly, the local temperature within the VSiNW is enhanced due to the low thermal
conductivities of the surrounding oxide [4.7] (1.12 WK-1m-1) compared to SiNW [4.8]
(~25WK-1m-1). The phonon transport in SiNWs are reduced due to enhanced boundary
scattering as discussed by Li et al., we believe that the thermal conductivity of our VSiNWs
could have further reduced due to the SiNW rough sidewalls which increases boundary
scattering [4.9]. Therefore, the thermal conductivity of VSiNWs fabricated in this work is
lower than those discussed in literature [4.8]. Hence, the phonons are trapped by the oxide
surrounding the VSiNWs and within VSiNWs. In turn, the local temperature within VSiNW
can easily increase above 5500C. This provides sufficient energy for NiSi2 to be formed
directly without passing through other phases.
Secondly, the deposited HDP oxide isolation layer exerts high compressive stress
onto the surrounded VSiNW and coupled with the low surface energy level of the Si <111>
planes [4.10], Ni atoms tend to precipitate along the Si <111> planes [4.11]. Therefore,
NiSi2 phase is formed with pyramidal facets within VSiNW at reduced temperature.
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Following the above argument, the local temperature within the VSiNW during the first
RTA temperature (2750C) of the two-step anneal should be enhanced to 375 – 4500C, the
formation temperature range for NiSi phase. This results in a smooth silicide interface.
After the second RTA (4500C), we should observe the formation of NiSi2 pyramidal
facets as in the case of one-step anneal but from the TEM micrograph [Fig. 4(b)], only
smooth silicide interface parallel to Si <100> plane is observed. This implies that besides the
local heat confinement and surrounding oxide stress, some other effects could play important
roles. More experiments must be performed before solid conclusions can be drawn.

4.3 Effect of silicidation process and segregated interfacial
dopants on VSiNW diode I-V characteristics
In this section, the main discussion will be (i) the impact of different silicidation
process and (ii) the effect of segregated interfacial dopants, on diode I-V characteristics.
Electrical performance of diodes was usually benchmarked using several parameters such as
current rectification ratio (RC), ideality factor (η) and effective SBH for electrons (𝛷𝐵𝑛.𝑒𝑓𝑓 )
and holes (𝛷𝐵𝑝.𝑒𝑓𝑓 ).

4.3.1 Effect of silicidation process on VSiNW diode I-V characteristics
This section examines the effect of 1-step RTA anneal scheme against 2-step RTA
anneal scheme on the electrical performance of SB- and DSSB-VSiNW diodes. The
nanowire diameter used in measurements is ~ 50nm. Voltage is applied to the silicided
nanowire tip and the substrate is connected to 0V. Figure 4.4 shows the measurement setup.
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Metal Plug
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Metal Plug

Silicide

Implanted
bottom contact

Implanted
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Figure 4.4 SB-VSiNW I-V measurement setup. Voltage is applied to silicided VSiNW tip and the
substrate is connected to ground.

Figure 4.5 (a) depicts the I-V characteristics of SB-VSiNW diodes annealed at the
two RTA silicidation processes. From the I-V results, we can observe the fabricated SBVSiNW diode is p-type since higher current is measured when negative voltage applied and
lower current is measured when positive voltage is applied. The Iforward, measured at V = -2V,
after both RTA anneals is ~ 10-6 A but the Ireverse after 1-step RTA anneal (8 x 10-9 A),
measured at V = 2V, is 2 orders of magnitude higher than that of 2-step RTA anneal (10-11
A).
From Figure 4.5 (b), DSSB-VSiNW p-type diodes showed Iforward, measured at V = 2V, after both RTA schemes is ~ 10-6 A and Ireverse, measured at V = 2V, after 1-step RTA
anneal is ~ 10-11 A while that of 2-step RTA anneal is ~ 4 x 10-13 A. The 2-step RTA anneal
demonstrated an improvement of 2 orders in magnitude for Ireverse, identical to SB-VSiNW
diodes.
For DSSB-VSiNW n-type diodes, shown in Figures 4.5 (c) and (d), we can observe
the Iforward, measured at V = 2V, peaks at ~ 10-5 A. Compared to the Iforward value of DSSBVSiNW p-type diodes, it is increased by ten times. This boost in Iforward can be attributed to
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the different current carrier types, namely, electrons for n-type diodes and holes for p-type
diodes and the use of nanowire infrastructure. Electron mobility (1400 cm2/(V·s)) in silicon
is three times higher than that of hole mobility (450 cm2/(V·s)) in silicon, it is expected ntype VSiNW has at least three times higher Iforward than p-type VSiNW diodes. In our study,
n-type VSiNW diodes showed ten times increase over p-type VSiNW diodes. This implies
that the additional increase in Iforward can be attributed to a combination of various factors
such as (i) VSiNW architecture, (ii) strain induced by surrounding oxide, (iii) decrease in
Schottky Barrier width by dopants segregated at silicide/Si interface to increase carrier
injection. From Figures 4.5 (c) and (d), we can also observe Ireverse, measured at V = -2V,
after 2-step RTA is 1 to 2 orders in magnitude lower than 1-step RTA.
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Figure 4.5 I–V measurement data of (a) SB-VSiNW diode, (b) DSSB-VSiNW p-type diode with As
implant on 1015 cm-3 p-type substrate, (c) DSSB-VSiNW n-type diode with BF2 implant on 4 x 1016 cm-3 ntype substrate and (d) DSSB-VSiNW n-type diode with BF2 implant on 1017 cm-3 n-type substrate
fabricated separately via 1- and 2-step RTA silicidation methods.

We proposed a plausible hypothesis to explain why measured Ireverse after 1-step RTA
anneal is much higher than that of 2-step RTA anneal. It is well-documented that nickel
atoms are the dominant diffusion species in the formation of nickel silicide and Ni is a fast
diffusion species verified by its high diffusion coefficient. During the annealing process, Ni
atoms diffuse rapidly into Si to form nickel silicide and some Ni atoms will diffuse into Si to
cause various defects and Ni-related deep level defects were reported in literature18-19). In
general, nickel silicide will undergo three sequential transformation phases: (i) Ni2Si, (ii)
NiSi and (iii) NiSi2, depending on the annealing temperature and annealing duration [4.12].
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Tian [4.21] et al. and Qu [4.14] et al. reported that the amount of deep-level defects
is reduced when nickel silicide is formed at higher temperature above 450oC [4.13]. In
addition, Qu et al. [4.14] and Foggiato [4.5] et al. discussed that a primary low temperature
annealing followed by a secondary higher temperature annealing could also help to lower the
deep level defects and improve device leakage.
In our study, we have confirmed that the nickel silicide phase formed via 1-step RTA
anneal process is NiSi2 as discussed in Section 4.2.2. This increases the concentration of
interfacial and Ni-related deep-level defects due to the rough NiSi2 interface [4.15] and the
continuous supply of Ni atoms (un-reacted Ni is removed only after the RTA anneal).
Therefore, Ireverse for 1-step annealed SB-VSiNW diodes is expected to be higher.
In retrospect, for the 2-step RTA silicidation anneal process, the first stage low
temperature (275oC, 30 secs) RTA anneal could have induced large amounts of the deeplevel defects but the subsequent removal of un-reacted nickel removal and high temperature
(450oC, 30 secs) RTA anneal has helped to eliminate the deep-level defects [4.13]. In our
study, regardless of SB- or DSSB-VSiNW diodes, Ireverse values for the 2-step annealed
VSiNW diodes are consistently lower than the 1-step annealed counterparts. This result is
consistent with literature.
Figure 4.6 illustrates the rectification (RC) characteristics of SB- and DSSB-VSiNW
diodes. DSSB-VSiNW diodes are further separated into n- and p-type diodes in Figure 4.6
(b), (c) and (d). RC is defined as the maximum-to-minimum current ratio where the bias
voltage for maximum/minimum current is extracted at ± 2V. In general, diodes should
possess relatively high RC values. This means at forward bias, there should be large forward
current and at reverse bias, there should be very small leakage current.

Page 83

10

13

10

10

(a)

1-step RTA
2-step RTA

10

7

10

4

10

1

Rectification

Rectification

Chapter 4 Vertical SiNW Schottky and Dopant Segregated Diodes
13

10

10

(b)

1-step RTA
2-step RTA

10

7

10

4

10

1

-2

-2

10 -14
10

10

10

-11

-8

10

10

-5

10 -14
10

-2

10

10

-11

-8

10

10

-5

-2

10

Current (@ V = -2V) (A)

Current (@ V = -2V) (A)

10
10

10

10

10

7

10

4

10

1

(d)

1-step RTA
2-step RTA

(c)

1-step RTA
2-step RTA

10

10

Rectification

Rectification

13

13

10

7

10

4

10

1

-2

10 -14
10

-2

10 -14
10

10

-11

-8

10

10

-5

-2

-11

10

-8

10

-5

10

-2

10

Current (@ V = 2V)(A)

10

Current (@ V = 2V)(A)
Figure 4.6 Rectification (RC) values plotted as a function of forward current for (a) SB-VSiNW diode, (b)
DSSB-VSiNW p-type diode, (c) DSSB-VSiNW n-type diode with substrate concentration = 4 x 10 16 cm-3
and (d) DSSB-VSiNW n-type diode with substrate concentration = 1 x 1017 cm-3.

From Figure 4.6 (a), SB-VSiNW diodes processed using 2-step silicidation RTA
show higher RC value (~ 4 x 104) in contrast to the same type of diodes processed using 1step silicidation RTA (~ 103). This represents more than 1 order of magnitude increase. In
the case of DSSB-VSiNW n-type (with substrate concentration = 1 x 1017 cm-3) diodes
shown in Figurer 4.6 (d), RC values of the diodes annealed using 2-step RTA (~ 1010) are ~ 3
orders of magnitude higher than those annealed using 1-step RTA (~ 6.5 x 106).
From Figures 4.6 (b) and (c), the RC values for DSSB-VSiNW p-type and n-type
(with substrate concentration = 4 x 1016 cm-3) diodes, fabricated under different silicide
annealing processes are very similar with 2-step RTA having slightly higher values than 1Page 84
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step RTA. In general, 1-step silicide RTA anneal achieve lower RC values than 2-step
silicide RTA anneal due to the higher Ireverse caused by the increased concentration of
interfacial and Ni-related deep level defects along Si <111> planes.

4.3.2 Impact of interfacial segregated dopants on VSiNW diode I-V
characteristics
The impact of silicide RTA scheme on diode I-V characteristics is discussed in the
Section 4.3.1. It is understood that Ireverse of VSiNW diodes with or without segregated
dopants fabricated using 2-step silicide anneal process are lower than those fabricated using
1-step silicide anneal process.
In this section, the I-V measurements of SB-VSiNW diodes and DSSB-VSiNW ptype diodes fabricated using the same RTA anneal scheme are compared to explore the
effect of interfacial segregated dopants on VSiNW diode performance.
The I-V performance of SB-VSiNW and DSSB-VSiNW p-type diodes fabricated
under 1-step RTA anneal scheme is shown in Figure 4.7 (a). The results showed Iforward of
DSSB-VSiNW p-type diodes is ~ 6 times higher than that of SB-VSiNW diodes. In addition,
Ireverse of DSSB-VSiNW p-type diode showed reduction of 1 order (from 3 x 10-11A to 2 x
10-12A) in magnitude.
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Figure 4.7 I-V measurements of SB-VSiNW and DSSB-VSiNW p-type diodes fabricated using (a) 1-step
RTA anneal and (b) 2-step RTA anneal.

Figure 4.7 (b) illustrates the I-V performance of SB-VSiNW and DSSB-VSiNW ptype diodes fabricated under 2-step RTA anneal. Iforward of DSSB-VSiNW p-type diodes is ~
5 times higher than that of SB-VSiNW diodes. The result is almost identical to that of 1-step
RTA anneal. This implies that the underlying mechanism that causes increase in Iforward is
very likely to be the same. More details will be discussed later. Furthermore, Ireverse of
DSSB-VSiNW p-type diode is found to be 4 orders in magnitude lower than SB-VSiNW
(from 2 x 10-11A to 5 x 10-15A). Compared to 1-step RTA anneal, the reduction in Ireverse is
much higher and is consistent with the findings discussed in previous Section 4.3.1.
Inferring to Yamauchi et al. first-principle simulation which uses boron (B) as the
implant [4.17], we postulate a simple hypothesis the impact of segregated dopants for our
VSiNW diodes. The implanted As atoms used in this work, combined with the use of nickel
silicide to segregate the dopants at silicon/silicide interface, occupy the substitutional sites
within the first Si monolayers in close vicinity to the silicide/silicon interface and are
positively charged by the interface states. As a result, electric dipoles are formed across the
interface. With the formation of electric dipoles, Si energy band adjacent to the
silicide/silicon interface experiences severe downward band bending and reduction of
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depletion layer thickness. During forward bias operation, when negative voltage is applied to
silicided VSiNW tip and 0V is applied to VSiNW body, the thermal emission of hole from
Si to NixSiy and tunneling of electron from NixSiy to Si substrate are enhanced. This in turn
increases the Iforward of DSSB-VSiNW diodes in contrast to SB-VSiNW diodes.
Simultaneously, the segregated dopants also help to reduce the Ireverse. During the
reverse bias operation, the Si energy band bends upwards when positive voltage is applied to
the silicided tip and VSiNW body remains at 0V. Electron tunneling is impeded and this
leads to low leakage current. The hypothesis is proven in Section 4.4.2.

4.4 Effect of silicidation process and segregated interfacial
dopants on diode ideality factor and effective Schottky Barrier
Height
4.4.1 Impact on diode ideality factor (η)
Thus far, the choice of silicidation process and the incorporation of DS technique
have demonstrated to affect the VSiNW diode I-V characteristics. In this section, the diode
ideality factor (η) and effective SBH (𝛷𝐵𝑒𝑓𝑓 ) are studied. Figure 4.8 (a) shows η of SB- and
DSSB-VSiNW p-type diodes fabricated using different silicidation process. Ideality factor is
extracted from the slope of the linear region of the forward bias ln I-V plot [4.16]
From Figure 4.8 (a), the 2-step silicided SB-VSiNW diodes generally exhibited a
reduction ~ 14% in η values, as compared to 1-step silicided SB-VSiNW diodes before the
integration of the segregated dopants. This can be attributed to the reduction in the deeplevel defects previously mentioned. Furthermore, the η values of SB-VSiNW diodes
maintained above 2.0 for every measurement temperature.
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With the inclusion of the DS technique, η of DSSB-VSiNW p-type diodes dropped
by 42% to ~ 1.5 and 61% to ~ 1.2, for 1-step and 2-step RTA schemes, respectively. In
addition, the η values of DSSB-VSiNW p-type diodes remain under 1.5 for every
measurement temperature. Since it is known that deep-level interface defects are introduced
into silicon during nickel silicide formation by RTA [4.13], DS implant is able to passivate
these interfacial defects and causes η to improve closer to unity. This is confirmed by
examining the η values extracted from DSSB-VSiNW n-type diodes fabricated under 1-step
and 2-step RTA schemes shown in Figure 4.8 (b). The average η value of DSSB-VSiNW ntype diode is ~ 1.6 and ~ 1.3 after 1-step RTA and 2-step RTA anneal, respectively.
Furthermore, we can observe that the lowest η value is achieved when the combination of
DS technique and 2-step RTA silicide anneal are used to form DSSB-VSiNW diode.
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Figure 4.8 η as a function of measurement temperatures taken from VSiNW diodes with and without DS
implant, fabricated under different RTA anneal schemes.
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4.4.2 Impact on effective Schottky Barrier Height (ΦBeff)
Figures 4.9 (a) and (b) show the extracted 𝛷𝐵𝑝,𝑒𝑓𝑓 and 𝛷𝐵𝑛,𝑒𝑓𝑓 values for SB-VSiNW
and DSSB-VSiNW p-type diodes plotted against measurement temperatures. 𝛷𝐵𝑝.𝑒𝑓𝑓 is
extracted using Richardson plot at a forward bias voltage V = -0.3V. 𝛷𝐵𝑛.𝑒𝑓𝑓 is calculated by
using the relationship, 𝛷𝐵𝑝.𝑒𝑓𝑓 + 𝛷𝐵𝑛.𝑒𝑓𝑓 = Eg, where Eg is the bandgap energy of Si (1.12
eV).
From Figure 4.9 (a), we can observe that by replacing the 1-step silicide anneal
(black line) with the 2-step anneal (green line), 𝛷𝐵𝑝.𝑒𝑓𝑓 of SB-VSiNW diodes increase by 31%
from 0.42 eV to 0.61 eV. With the introduction of segregated dopants, 𝛷𝐵𝑝.𝑒𝑓𝑓 of DSSBVSiNW p-type diodes increase by 19% and 7.5% for 1-step anneal and 2-step anneal,
respectively. Similarly, combining DS technique with different RTA anneal scheme, we can
see an increase of 21% in 𝛷𝐵𝑝.𝑒𝑓𝑓 .
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Figure 4.9 (a) ΦBp,eff and (b) ΦBn,eff as a function of measurement temperatures taken from VSiNW p-type
diodes with and without DS implant for different silicide anneal RTA schemes.

Figure 4.9 (b) shows the 𝛷𝐵𝑛.𝑒𝑓𝑓 values of the same diodes used to extract 𝛷𝐵𝑝.𝑒𝑓𝑓 . In
conjunction with Figure 4.9 (a), an increase (decrease) in 𝛷𝐵𝑝.𝑒𝑓𝑓 will result in a decrease
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(increase) in 𝛷𝐵𝑛.𝑒𝑓𝑓 . From Figure 4.9 (b), based on SB-VSiNW diode, changing of RTA
anneal scheme from 1-step to 2-step will result in a 28% drop in 𝛷𝐵𝑛.𝑒𝑓𝑓 from 0.70 eV to
0.51 eV. With dopant segregation at the silicon/silicide interface, 𝛷𝐵𝑛.𝑒𝑓𝑓 is reduced by 14%
and 10% for 1-step and 2-step anneals, respectively. This reduction in 𝛷𝐵𝑛.𝑒𝑓𝑓 confirms our
initial hypothesis postulated in Section 4.3.2.
Figures 4.10 (a) and (b) shows the 𝛷𝐵𝑛.𝑒𝑓𝑓 and 𝛷𝐵𝑝.𝑒𝑓𝑓 values extracted from DSSBVSiNW n-type diodes. Results from Figures 4.9 and 4.10 co-relate well with the measured IV data in Section 4.3.
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Figure 4.10 (a) ΦBn,eff and (b) ΦBp,eff of DSSB VSiNW n-type diodes fabricated under different RTA
schemes as a function of measurement temperature.

Based on the experimental results, ФBn,eff of SB-ViSNW diodes can be tuned by
using the appropriate silicidation process and the incorporation of DS further enhances the
lowering of ФBn,eff. Although ФBn,eff is reduced in the present work, the values obtained are
still unable to position SB MOSFETs favorably with respect to the conventional technology
[4.18]. Therefore, further optimization in reducing ФBn,eff is required. Possible solutions
include optimization of the dopant segregation technique (with plasma doping) and
optimization of the silicide formation.
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4.5

Summary
The impact of silicide formation and segregated interfacial dopants in VSiNW diodes

is studied. The optimal combination of 2-step silicidation and DS technique offers shallow
silicide with intrusion length of ~ 22 nm and relatively flat silicide/silicon interface
morphology. Based on the findings of DSSB-VSiNW p-type diode, low ФBn,eff ~ 0.47 eV,
Iforward ~ 40 µA/µm and extremely low Ireverse ~ 40 fA/µm can be achieved. However, ФBn,eff
must be further reduced and optimized for future integration of Schottky Barrier
nanostructures in future CMOS circuit.
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CHAPTER 5
PERFORMANCE AND THRESHOLD VOLTAGE
ENGINEERING OF GAA-VSINW WITH HIGHLY
DOPED SOURCE/DRAIN FOR CMOS CIRCUIT
INTEGRATION

5.1

Introduction
With the continuous scaling of CMOS technology to extend Moore’s Low, Gate-All-

Around Nanowire Field-Effect Transistor (GAA-NW FET) is considered as one of the
promising candidates. GAA-NW FET demonstrates the natural progression after the multigate (FinFET) structure since the GAA architecture offers the best gate electrostatic control
to scale the channel region. Hence, GAA-NW FET exhibit close-to-ideal sub-threshold
swing (SS), very low DIBL (Drain-Induced Barrier Lowering) and threshold voltage roll-off
characteristics [5.1 - 5.8].
In GAA-SiNW FETs, SiNW replaces conventional bulk Si substrate as the starting
platform in which the channel, source and drain will be formed. The SiNW can be fabricated
via two orientations – lateral or vertical, illustrated in Figures 5.1 (a) and (b), respectively.
Despite its advantages, the lateral GAA-SiNW (GAA-lSiNW) transistors encounter processrelated issues that could possibly limit its scalability.
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(a)

(b)
Drain

Drain
Gate

Si Nanowire
Gate

Source
Source

Si Nanowire
Bulk Si

Figure 5.1 Schematic diagrams show the (a) GAA-lSiNW FET and (b) vertical GAA-SiNW (GAAVSiNW) FET. Process related issues such as (i) defining uniform gate and (ii) high source/drain
extension resistance could hinder the scalability of lateral GAA-VSiNW. On the other hand, vertical
GAA-VSiNW FET is regarded as the most promising alternative while still capitalizes on conventional
CMOS fabrication process.

Defining a uniform gate over the channel region is a serious challenge encountered
by GAA-lSiNW FETs. The shadowing effects during the plasma etch of the poly-Si gate
may cause the formation of un-wanted poly stringers beneath the lateral non-gated regions
along the SiNW. This will result in the increase of overall effective gate length and renders
the physical gate length as an unreliable representation of the effective gate length.
Another issue faced by GAA-lSiNW FET is to obtain small channel lengths out of
relatively long nanowires. The use of expensive lithography process tools such as 193nm
ArF immersion or EUV (Extreme-UV) steppers and elaborate lithography techniques, such
as double-patterning and LELE (Litho-Etch-Litho-Etch), will be involved and higher cost
per device is expected.
Lastly, GAA-lSiNW architecture will eventually encounter the same process
lithography problem of printing the gate region with adequate resolution as its planar
counterpart, when the gate length shrinks down to reduce individual device estate while
increasing the packing density per unit floor area. This is because both GAA-lSiNW and
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planar transistors are oriented in the same manner on the wafer. A simple illustration is
shown in Figure 5.2 to offer a detailed explanation.

(a)

(b)
Drain
Gate

Source

Si Nanowire

(Image courtesy of Intel Corporation)
Figure 5.2 Illustrations of (a) GAA-lSiNW FET and (b) conventional planar 2D FET comparing their
respective orientation on wafer. As shown, both architectures have the same lateral on-wafer orientation
and this suggests that GAA-lSiNW FET will eventually experience the same process lithography
difficulty of printing the gate region with good resolution

Vertical SiNW with GAA architecture (GAA-VSiNW) presents itself to be the
prominent alternative to GAA-lSiNW to fully leverage on the benefits of GAA-SiNW
infrastructure and mitigate the issues faced by GAA-lSiNW. As observed in Figure 5.1, the
design of GAA-VSiNW is very similar to GAA-lSiNW except that the drain, gate and
source are positioned on top of one another and the current flow is perpendicular to the
wafer surface.
In this chapter, the feasibility of fabricating GAA-VSiNW pFET and nFET with
highly-doped S/D via conventional CMOS processes is first explored. This is followed by
the study of the electrical characteristics and the short channel effects of the fabricated
devices, comparing with the values obtained from literature. Finally, two threshold voltage
(VT) tuning methods, (1) varying VSiNW diameter and (2) introduction of opposite polarity
dopant species to the device gate region, to optimize the incorrect device VT values are
investigated.
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5.2

Experimental Details
The fabrication process details for the vertical GAA-SiNW PFET and NFET devices

studied in this chapter had been outlined in Section 3.4.1 in Chapter 3.
In summary, GAA-VSiNW pMOS was constructed on a single VSiNW with height ~
300nm, gate length (Lgate) ~ 100nm and varying diameters. The VSiNW tip and wafer
substrate will serve as the drain (D) and source (S) regions, respectively. Both S/D regions
are heavily doped with BF2 implant. The gate region comprises of 50nm poly-Si deposited
via Chemical Vapour Deposition (CVD) method on top of an isolation oxide spacer layer
that separates the gate and source, followed by BF2 implantation (5 KeV/ 1 x 1015 cm-2/ 200
tilt/ 4 rotations). In the case of GAA-VSiNW nMOS, the entire process flow is identical to
that of vertical GAA-SiNW pMOS except the implant species used is As (Arsenic) instead
BF2. Finally, electrical contacts to S/D and gate regions are done through patterned metal
layers consisting of TaN/Al/TaN layers.
For the VT tuning splits, the gate implant conditions are shown in the table below.
Device

Implant conditions

GAA-VSiNW nMOS (control)

P/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

GAA-VSiNW nMOS (tuned VT)

BF2/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

Table 5.1 List of gate implant conditions for VT tuning splits

From the Table 5.1, it can be observed that the implant conditions are kept constant
and the only difference is the dopant species used for the implant process. GAA-VSiNW
nMOS is chosen as the test vehicle for the device VT tuning study because from literature,
the VT value for GAA-VSiNW FETs tends to be negative.
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Figure 5.3 shows the TEM (Transmission Electron Micrograph) image of a single
GAA-VSiNW FET with TaN/Al/TaN metal layers taken on larger diameter (50nm) device
for the ease of sample preparation. From Figure 5.3, we can see that the VSiNW side-wall is
relatively rough and this might cause the carrier mobility to decrease. The carrier mobility
will be studied in the subsequent section.

Figure 5.3 Cross-sectional TEM image showing the GAA-VSiNW FET with metal layers for probing.
Side-wall of fabricated VSiNW is relatively rough and the carrier mobility might be affected. The
measured Lgate is ~ 87nm as compared to the intended 100nm. Gate oxide is ~ 5nm and Si 3N4 spacer
surrounding the VSiNW body is ~ 40nm. The oxide isolation between the gate and source (wafer
substrate) regions is ~ 36nm. Dotted lines are used for the ease of viewing.
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5.3 GAA-VSiNW pMOSFET with BF2-doped poly-gate and S/D
regions
5.3.1 Output and Transfer Electrical Characterization
Figure 5.4 illustrates the IDS – VGS and IDS – VDS characteristics of the GAA-VSiNW
pFET with BF2-doped poly-gate and S/D. The gate length (LG) is ~ 100 nm, the SiNW
height and diameter are about 300 nm and 23 nm, respectively. It is worthwhile to note that
the wire tip is used as drain (D) and substrate side is used as source (S) during the device
measurement.
Figure 5.4 (a) shows the IDS – VGS curve of the fabricated GAA-VSiNW pFET. Due
to the band bending of valence and conduction bands, high drive current is observed with
increasing negative VG region and low current in the positive VG region. This electrical
behavior is characteristic of enhancement mode pFET with p+ gate and S/D.
The fabricated device showed an extremely low DIBL of ~ 9 mV/V, measured at 0.1
nA and sub-threshold swing of ~ 66 mV/decade at VDS = -1.2V. The sub-threshold swing is
very close to the theoretical predicted value of 60mV/decade [5.9]. Ion of ~ 113 µA/µm is
achieved at VDS = -1.2V and VGS = -2V while Ioff of ~ 0.1 µA/µm is obtained at VDS = -1.2V
and VGS = 2V. The Ion/Ioff ratio, measured at VDS = -0.2V, is ~ 107 and the fabricated device
VT is ~ 0.832V. This positive VT is undesirable and is due to the work-function mis-match
between the gate and the intrinsic VSiNW body. Optimal VT can be achieved using the
technique detailed in Section 5.3.3.
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Figure 5.4 (a) IDS – VDS and (b) IDS – VGS plots of GAA-VSiNW pMOS with BF2-doped gate and S/D
regions. Excellent SCE parameters, SS ~ 66mV/dec and DIBL ~ 9mV/V, are obtained. Extracted VT ~
0.832V is undesirable and can be rectified using VT tuning methods to be introduced in later section.
Despite sub-linear turn-on at low VDS, there is a clear distinction between saturation and linear regions in
the IDS – VDS plot. The extracted Gm,sat and Gm.lin are plotted in Figure 5.4(c).

The extracted DIBL and SS values, in our measured device, are much lower than the
reported values of SS = 96mV/decade and DIBL = 25mV/V that are measured on Vertical
GAA SiNW with Al2O3/TiN gate stack and LG = 320 nm [5.10]. In addition, the reported Ion
is significantly lower (11.8 µA/µm at VDS = -1V and VGS = -2V with 25 nanowires connected
in parallel).
The lower DIBL, SS and larger Ion values extracted in our study can be attributed to
the intrinsic channel region (~ 1015 cm-3) in our fabricated device whereby, there is much
lower ionized impurity scattering as compared to the implanted channel (~ 1017 cm-3)
Page 99

Chapter 5 Performance and Threshold Voltage Engineering of GAAVSiNW with highly-doped S/D for CMOS circuit integration

reported in literature. Furthermore, better gate-to-channel electrostatic coupling is achieved
in our device since much thinner gate oxide (4.5nm) is used in our study as compared to the
thick Al2O3 layer (20nm) used in literature.
Figure 5.4 (b) plots the IDS – VDS characteristics of the same device. The fabricated
pFET exhibits a high drive current (IDsat) of ~ 400 µA/µm measured at VDS = -3V and VGS = 0.6V. An upward gradual sloping super-linear turn-on with is observed in Figure 5.3(b)
between VDS = 0V to VDS = -0.3V. In addition, the saturation region is only apparent at large
VDS bias (VDS = ~ -1.8V). This suggests there’s a high external series resistance path in the
fabricated pFET due to the mis-alignment of doping regions between the source side and
gate. Despite this problem, there is a clear distinction between the linear and saturation
regions for all VGS biases, indicating that the channel pinch-off has been reached.
This is an inherent problem with the fabrication of VSiNW MOSFETs in this study
because the source (substrate side of the wire) is implanted first while the drain (wire tip)
and gate regions are implanted together in the subsequent implant step. However, this issue
can be resolved through process optimization.
Figure 5.3 (c) shows the extracted trans-conductance (Gm) of fabricated pMOSFET at
VDS = -0.2V and -1.2V. The inset presents the zoom-in view for VDS = -0.2V because the Gm
values are too small as compared to VDS = -1.2V. The maximum Gm occurs at VGS = 0.8V for
VDS = -0.2V and VGS = 0.3V for VDS = -1.2V.
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5.3.2 Short-Channel Effect Characteristics
Important SCE parameters for MOSFETs are (1) DIBL (Drain-Induced Barrier
Lowering), which reduces the device VT as VDS increases due to the drain-junction depletion
region penetrating the channel region and causes the gate to lose control over the channel,
and (2) SS (Sub-threshold swing) degradation, which reduces the rate of increase of drain
current below VT. Both effects are additive and in consequence, causes circuit power
consumption and MOSFET off-state leakage current to increase. Since the fabricated pMOS
LG is fixed at 100nm, it would be interesting to illustrate the impact of nanowire diameter
with regards to DIBL and SS.
Figure 5.5 (a) shows the extracted DIBL values plotted against the VSiNW diameter.
For smaller nanowire diameters 20nm and 23nm, DIBL remains almost constant around
225mV/V while larger nanowire diameters 32nm and 40nm, DIBL increases almost doubly
to 400mV/V. Much smaller DIBL values have been reported experimentally for GAAVSiNW pFET with nanowire diameter = 25nm (DIBL ~ 25 mV/V) [5.11] and nanowire
diameter = 8µm (DIBL ~ 72mV/V) [5.12].
The considerably higher DIBL observed in this study can be attributed to the unoptimized implantation and annealing process conditions since both gate and drain regions
are implanted in a single step. This enabled the applied drain bias to influence potential
barrier on the source side electric potential.
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Figure 5.5 Extracted (a) DIBL and (b) Sub-threshold swing (SS) measurements plotted against VSiNW
diameter. DIBL values increase ~ 2 times and SS values remain below 190mV/decade as the VSiNW
diameter varies from 20nm to 40nm.

Figure 5.5(b) shows the extracted SS plotted against VSiNW diameter. The SS
increases from ~ 95mV/decade to ~ 135mV/decade as the nanowire diameter increases from
20nm to 32nm. However, the SS drops to below 100mV/decade for nanowire diameter =
40nm. These SS values are comparable with those reported in conventional planar pMOS
with LG = 100nm (SS < 90mV/decade) and in GAA-VSiNW pMOS (SS ~ 85mV/decade)
[5.11]. For a given LG, it is expected that as the channel width (or nanowire diameter, in this
study) increases, the gate electrostatic control over the channel weakens and hence, the SS
will degrade.

5.3.3 Ion - Ioff current characteristics and Threshold Voltage (VT) tuning
Figure 5.6 (a) plots the Ion/Ioff ratio against the measured VSiNW diameters. The
Ion/Ioff ratio shows an average value of ~ 2 x 108, much higher than that recorded for planar
pMOS with similar LG. High Ion/Ioff ratio is expected for GAA-VSiNW FETs as the GAA
architecture greatly suppresses the leakage current, thus, making GAA-VSiNW a much
promising candidate for ultra-low leakage applications.
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Figure 5.6 (b) illustrates the Ioff vs Ion characteristics of GAA-VSiNW pMOS with
BF2-doped poly-gate and S/D. Also included in Figure 5.6 (b) are the Ioff vs Ion
characteristics of reported SiNW devices. At Ioff = 10-3 µA/µm, the drive current of
fabricated pMOS devices in this study is ~ 3 times lower than reported lateral SiNW devices
but ~ 50 times higher than reported VSiNW devices. The reason for the reduced Ion is
believed to be the result of (1) VSiNW sidewall roughness (shown in Figure 5.3) or (2) high
external series resistance present in device due to mis-alignment between the source dopant
profile and gate. Fortunately, issue (1) can be resolved via sequential hydrogen annealing
followed by high-temperature annealing and issue (2) can be mitigated by implanting the
gate and S/D regions concurrently which involves process step modification.
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Figure 5.6 (a) Ion-Ioff ratio of GAA-VSiNW pMOS with various diameters and (b) Ioff vs Ion
characteristics of GAA-VSiNW pMOS compared with reported devices.

In previous section 5.3.1, the measured pMOSFET shows a VT of ~ 0.832V, which is
undesirable as this signifies that the device will not “turn-off” until VGS > 0.832V is applied
to the gate. In terms of an inverter circuit, this leads to smaller static noise margin (SNM)
since the voltage noise margins become smaller and the circuit will start to lose noise
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immunity which results in higher power consumption. Hence, it is imminent to tune the
pMOSFET VT in order to achieve a large SNM.
Figure 5.7 shows the variation of pMOSFET threshold voltage (VT) with respect to
the different vertical nanowire diameter used to fabricate the device. VT is extracted from the
IDS – VGS measurement data using the trans-conductance extrapolation method in the linear
region (GMLE).
From the plot, it is observed that the device VT generally decreases with increasing
nanowire diameter size. This observation implies that the device VT can be tuned to the
desired value range without additional fabrication processes or materials and VT tuning can
be achieved simply by changing the nanowire size. This provides an additional invaluable

Threshold Voltage, VT (V)

benefit for GAA-VSiNW architecture to the numerous advantages discussed earlier.

0.5
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-0.5
-1.0
-1.5
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Vertical nanowire diameter (nm)
Figure 5.7 Threshold Voltage (VT) variation across the various VSiNW diameters fabricated in this
work. In general, the extracted VT shows a decreasing trend when the VSiNW diameter increases from
20 nm to 40 nm.
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Figure 5.8 (a) IDS – VDS and (b) IDS – VGS plots of GAA-VSiNW nMOS with As-doped gate and S/D
regions. Excellent SCE parameters, SS ~ 66mV/dec and DIBL ~ 9mV/V, are obtained. Extracted VT ~ 1.29V is undesirable and can be rectified using VT tuning methods to be introduced in later section.
Despite sub-linear turn-on at low VDS, there is a clear distinction between saturation and linear regions
in the IDS – VDS plot. The extracted Gm,sat and Gm.lin are plotted in Figure 5.8(c).

Figure 5.8 presents the output, transfer and trans-conductance characteristics of
GAA-VSiNW nMOSFET with As-doped poly-gate and S/D regions. The gate length is ~
100nm, the SiNW height and diameter are ~ 300nm and ~ 23nm, respectively. The IDS – VGS
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curve in Figure 5.8 (a) demonstrates typical output characteristics of enhancement mode
nMOS with high Ion for positive VGS and low Ioff for negative VGS.
In addition, the fabricated nMOS exhibits DIBL of 20.4mV/V and SS of 73.5mV/dec.
These values are comparable with those reported by H. S. Wong et. al. The Ion/Ioff ratio for
this measured device is ~ 107 at VDS = 50mV and the extracted VT is ~ -1.29V. The negative
VT measured is undesirable for nMOS and can be attributed to the work function mis-match
between the VSiNW body and the poly-gate. Optimal VT can be achieved using the
techniques detailed in Section 5.4.3.
Figure 5.8 (b) shows the IDS – VDS plot for the measured nMOS. The device exhibits
saturation current (IDsat) of ~ 300 µA/µm at VDS = 3V and VGS = -0.2V. An upward gradual
sloping sub-linear turn-on is observed, similar to the results from GAA-VSiNW pMOS in
Section 5.3.1. This can be attributed to the existence of a high external series resistance path
due to the source dopant profile mis-alignment between poly-gate and source regions.
However, there is a clear presence of linear and saturation regions for low VGS biases,
indicating that the channel pinch-off has been reached. Figure 5.8 (c) illustrates the
measured trans-conductance (Gm) of the fabricated nMOS. The maximum Gm of 135µS/µm
is achieved at VGS = -0.3V for VDS = 1.2V.

5.4.2 Short-Channel Effect Characteristics
Figure 5.9 illustrates the short-channel characteristics of GAA-VSiNW nMOSFET
with n-doped poly-gate and S/D regions. As shown in Figures 5.9 (a) and (b), DIBL and SS
values demonstrated an increase trend with increasing VSiNW diameter. The lowest DIBL
and SS values extracted are ~ 6mV/V and ~ 70mV/decade, respectively. Similar DIBL
(15mV/V) and SS (75 mV/decade) values are reported for lateral NW nMOSFETs with
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poly-Si/SiO2 gate stack (yy) and metal/high-κ gate stacks. Larger DIBL and SS values are
expected for VSiNW with larger diameters since the gate electric field coupling to the
channel weakens.
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Figure 5.9 (a) DIBL distribution of GAA-VSiNW nMOS with various diameters The lowest value is ~
6mV/V and (b) SS distribution of GAA-VSiNW nMOS with various diameters. The lowest value is ~ 70
mV/decade.

5.4.3 Ion - Ioff current characteristics and VT tuning
Figure 5.10 illustrates the Ion vs. Ioff characteristics of the measured devices with
various VSiNW diameters. Included in the diagram are some reported Ion and Ioff values for
nMOSFETs with planar, GAA-VSiNW and lateral SiNW with GAA architectures. The Ion
values of GAA-VSiNW nMOSFET fabricated in this study are much higher than 2 of the
reported devices. The reason for much higher Ion values is believed to be a result of reduced
Columbic scattering due to a close-to-fully depleted channel region enabled by GAA design.
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Figure 5.10 (a) Ioff vs Ion characteristics of GAA-VSiNW nMOS fabricated in this study. Results from
literature are also included. (b) Ion/Ioff ratio of GAA-VSiNW nMOS measured in this study. Bigger
diameter VSiNW shows lower Ion/Ioff ratios than smaller diameter VSiNWs.

From Section 5.4.1, the measured nMOS shows a negative VT which is undesirable
for circuit operation. In this section, 2 methods are studied to tune or optimize the device VT.
The first method makes use of the various VSiNW diameter size while the second method
employs the change of gate dopant type. Figure 5.11 (a) shows the VT box plot of measured
doped GAA-VSiNW nMOS with n+ - polysilicon gate for various VSiNW diameters
(Method 1). The results indicate that the device VT decreases from ~ -0.9V to ~ -2.7V as the
diameter of VSiNW increases from 20nm to 36nm. ΔVT ranges from ~ 0.3V to 1V across the
measured VSiNWs. With bigger VSiNW diameter, larger VT is required to fully deplete and
invert the SiNW body. Similar to GAA-VSiNW pMOS in Section 5.3.3, the desired device
VT can be easily achieved by changing the diameter of VSiNW. This simplifies the overall
fabrication process and significantly reduces fabrication cost.
An alternative option to tune VT is to switch the gate dopant species from Phosphorus
(n-type) to BF2 (p-type). Figure 5.11 (b) shows the VT comparison of measured devices with
n+ - polysilicon vs. p+ - polysilicon gates for various VSiNW diameters (Method 2). From
the measurements, the VT of GAA-VSiNW nMOS with BF2-doped polysilicon gate exhibits
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a positive shift of ~ 1.5V as compared to Phosphorus-doped polysilicon gate for all the
VSiNW diameters measured. A plausible reason for the positive VT shift is that the work
function difference between p-type and n-type polysilicon gate, which is larger than 1.1 eV.
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Figure 5.11 (a) Threshold Voltage (VT) distribution of GAA-VSiNW nMOS fabricated in this study.
Smaller diameter VSiNW attains less negative VT and larger diameter VSiNW achieves more negative
VT. Δ VT between measured devices varies from 0.3V to 1V. (b) A positive shift in VT distribution for all
the measured GAA-VSiNW nMOS accomplished using BF2-doped poly-gate instead of As-doped polygate. The ideal VT range for normal nMOS operation is included/
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5.5 Electrical characteristics comparison between GAA-VSiNW
nMOS with p+ - polysilicon gate vs GAA-VSiNW nMOS with n+ polysilicon gate
5.5.1 Output and transfer characteristics
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Figure 5.12 (a) IDS - VGS graph of GAA-VSiNW nMOS with BF2-doped poly-gate and As-doped polygate. Devices with BF2-doped poly-gate showed a positive shift of +1.5V. The IDS - VDS graphs of GAAVSiNW nMOS devices with As-doped poly-gate and BF2-doped poly-gate are shown in (b) and (c),
respectively.

From Section 5.4.3, there are 2 plausible methods to tune/optimize the nMOS VT
value. A combination of the 2 proposed methods is able to achieve the ideal VT range for
nMOS operation. Figure 5.12 (a) compares the IDS – VGS characteristics between GAAVSiNW nMOS devices with BF2-doped poly gate and Phosphorus-doped poly gate (VSiNW
diameter = 23nm, Lgate = 100nm) and Figures 5.12 (b) shows the corresponding IDS – VDS
curves of the same measured devices. From Figure 5.12 (a), there is a +1.5V rightward shift
in the slope of the IDS - VGS curve which corresponds well with the ΔVT value shown in
Figure 5.11 (b). From Figure 5.12 (b), there is a distinct drop in IDS (~ 1000% decrease)
between the two device types. This observation is expected due to the increase in VT (+ 1.5V)
as a result of opposite doped poly-gate. Furthermore, the Ioff value remains constant at ~ 10-7

Page 110

Chapter 5 Performance and Threshold Voltage Engineering of GAAVSiNW with highly-doped S/D for CMOS circuit integration

µA/ µm for both types of nMOS. This implies that the change in gate doping species has no
impact on the leakage current.

5.5.2 Short-Channel Effect Characteristics
Figure 5.13 compares the (a) SS and (b) DIBL values between GAA-VSiNW nMOS
with n+ vs. p+ - polysilicon gate. From the comparison results, GAA-VSiNW nMOS with p+
- polysilicon gate and n+ - polysilicon gate exhibited similar SS and DIBL values for
VSiNW diameter = 20nm. However, for bigger VSiNW diameters, GAA-VSiNW nMOS
with p+ - polysilicon gate showed significantly lower SS and DIBL values than those with n +
- polysilicon gate.
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Figure 5.13 (a) SS comparison between GAA-VSiNW nMOS with n+-polysilicon gate vs p+-polysilicon
gate. GAA-VSiNW nMOS with p+-polysilicon gate showed lower SS values than its counterpart. (b)
illustrates the DIBL comparison of the same devices in (a). Similarly, devices with p +-polysilicon gate
showed lower values than its opposition.

A plausible reason is with the penetration of B atoms into the channel region, the
barrier height between the source and channel increases and causes DIBL values in devices
with p+ - polysilicon gate to be lower than those of n+ - polysilicon gate. Moreover, the
channel NA (acceptor ion) concentration will increase and reduce Cdep (depletion
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capacitance). This will result in lower SS values, as shown in Eqns (2) and (3). Hence, the
integration of BF2 - doped polysilicon gate with GAA-VSiNW nMOS will bring about
reduction in both SS and DIBL.
𝐶𝑑𝑒𝑝 =

𝜀𝑆𝑖
1
∝ √
[𝑬𝒒𝒏 𝟓. 𝟏]
𝑊𝑑𝑒𝑝
𝑁𝐴

𝑆 ≡ 𝑛[

𝑘𝑇
] ln(10) [𝑬𝒒𝒏 𝟓. 𝟐]
𝑞

𝑤ℎ𝑒𝑟𝑒 𝑛 = 1 +

𝐶𝑑𝑒𝑝
𝐶𝑜𝑥

5.5.3 Ion - Ioff Characteristics
Figure 5.14 shows the Ioff vs Ion characteristics of GAA-VSiNW nMOS with n+- and
p+-polysilicon gate. It is observed that at Ioff = 1nA/µm, Ion of GAA-VSiNW nMOS with p+polysilicon gate increases by 50% as compared to the same nMOS devices with n+polysilicon gate. In addition, results from literature are included for reference. The devices
in our study are yet to be fully optimized but our results are comparable with some of the
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reported SiNW cases.
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Figure 5.14 Ioff vs Ion characteristics of GAA-VSiNW nMOS with n+-doped ( ) and p+-doped poly-gate
( ). At Ioff = 1nA/µm, Ion of nMOS with p+-doped poly-gate increases by 50%.
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5.5

Chapter Summary
We have fabricated pMOSFET and nMOSFET via GAA-VSiNW architecture. For

GAA-VSiNW pMOS with diameters 20nm to 23nm, the extracted DIBL is ~ 225mV/V and
it increases to ~ 400mV/V for VSiNW with larger diameters 32nm to 40nm. The
corresponding SS values increase from ~ 95mV/decade to ~ 135mV/decade as the nanowire
diameter increases from 20nm to 32nm but the SS value of pMOS with diameter of 40nm
drops below 100mV/decade. We have also showed that our fabricated pMOS achieves 50
times higher drive current (Ion) than reported VSiNW devices at fixed Ioff = 1nA/µm.
Furthermore, pMOS VT tuning is also demonstrated. VT tuning is achieved through varying
the VSiNW diameter with bigger VSiNW having more negative VT as compared to smaller
VSiNW.
Excellent electrical characteristics (Ion/Ioff ratio of > 108, DIBL = 6mV/V to
104mV/V, SS = 70mV/decade to 93 mV/decade) are achieved by GAA-VSiNW nMOS with
diameter = 20nm. Apart from this, negative VT values are extracted from the fabricated
nMOS devices. Reducing VSiNW diameter helped to create a positive shift in VT but there is
a limit to how small the nanowire diameter can get. Alternatively, implanting the poly-gate
with p+ dopants instead of n+ dopants will produce a larger positive shift in VT than reducing
VSiNW diameter. Hence, we showed that VT tuning for nMOS is achievable through two
methods.
Lastly, GAA-VSiNW nMOS with p+-doped poly-gate showed better electrical
characteristics (Ion/Ioff ratio of > 108, DIBL = 4mV/V to 28mV/V, SS = 65mV/decade to 90
mV/decade) as compared to GAA-VSiNW nMOS with n+-doped poly-gate. In addition, at
fixed Ioff = 1nA/µm, GAA-VSiNW nMOS with p+-doped poly-gate demonstrated 50%
higher drive current than GAA-VSiNW nMOS with n+-doped poly-gate.
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CHAPTER 6
DEMONSTRATION
OF
SCHOTTKY
BARRIER MOSFET USING VSiNW
ARCHITECTURE

6.1

Introduction
In Chapter 5 we have successfully demonstrated NMOSFET and PMOSFET with

excellent electrical performance using VSiNW architecture. The fabricated transistors have
un-optimized VT values and VT tuning is achieved through varying VSiNW diameter and/or
implanting gate region with opposing dopant species with respect to S/D regions. However,
the extracted Ion for n- and PMOSFETs are lower than literature reports for nanowires at
fixed Ioff = 1nA/µm.
In order to improve Ion, two requirements need to be fulfilled: (i) low S/D sheet
resistance and (ii) abrupt junction within S/D regions. Schottky Barrier (SB) MOSFET is
one of the promising options whereby metalized S/D regions are in direct contact with
transistor channel can reduce parasitic resistance significantly and provide abrupt junction
interfaces.
While work on lateral nanowire with nickel silicidized S/D has been investigated,
integration of nickel silicide (NixSiy) into VSiNW and its impact on transistor’s performance
by method of conventional lithography has not been well studied. In this chapter, we aim to
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demonstrate the feasibility of achieving GAA-VSiNW MOSFET with NixSiy S/D regions
(GAA-VSiNW SB MOSFET) and extract the respective electrical characteristics.

6.2

Experimental Details
In this chapter, the devices under study are: (i) GAA-VSiNW SB PMOS with tuned

FUSI gate and (ii) GAA-VSiNW SB NMOS with tuned FUSI gate. In addition, VT tuning
splits will be done using GAA-VSiNW SB NMOS. The fabrication process details for the
devices studied in this chapter had been outlined in Section 3.4.2 in Chapter 3.
GAA-VSiNW SB MOSFETs with tuned FUSI gate were fabricated on single
VSiNWs with height ~ 300nm, gate length (Lgate) ~ 100nm and varying diameters (from
20nm to 60nm). The VSiNW tip and wafer substrate will serve as the drain (D) and source
(S) regions, respectively. To attain tuned FUSI gate, 50nm poly-Si was deposited via
Chemical Vapour Deposition (CVD) method on top of an isolation oxide spacer layer that
separates the gate and source, followed by BF2 implantation (5 KeV/ 1 x 1015 cm-2/ 200 tilt/ 4
rotations) for PMOS and Phosphorus implantation (5 KeV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations)
for NMOS and RIE etch to expose VSiNW tip.
Subsequently, 30nm Ni was deposited using Physical Vapour Deposition (PVD) after
SC1 wet clean. Following nickel deposition, a 2-step RTA process was used to form nickel
mono-silicide (NiSi) on the gate and S/D regions. Finally, electrical contacts to S/D and gate
regions are done through patterned metal layers consisting of TaN/Al/TaN layers.
Due to the complexity of gate last process and the risk of metal cross contamination
between different process equipment used during the VSiNW transistor fabrication, the gate
first process is adopted but a drawback of this process is the formation of asymmetrical SB
S/D regions. In order to achieve low substrate resistivity, the substrate is subjected to a pre-
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implant step with high dose and low implant energy before the Ni deposition. Unless
specified otherwise, the devices studied in this chapter will consist of doped FUSI gate and
asymmetrical SB S/D regions.
For the VT tuning splits, the gate implant conditions are shown in the table below.
GAA-VSiNW NMOS is chosen as the test vehicle for the VT tuning study because from
literature, the VT value for GAA-VSiNW FETs tends to be negative.

Device

Implant conditions

GAA-VSiNW Schottky NMOS (control)

P/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

GAA-VSiNW Schottky NMOS (tuned VT)

BF2/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

Table 6.1 List of gate implant conditions for VT tuning splits to be used in conjunction with GAAVSiNW SB NMOS

6.3

Physical Characterization
Figure 6.1 (a) shows the TEM (Transmission Electron Micrograph) image of a single

GAA-VSiNW SB MOSFET with contact metal layers taken using low magnification. Figure
6.1 (b) shows the same TEM image taken using higher magnification. The VSiNW height
(269.2nm) and diameter (~ 47nm) and the thickness of the bottom isolation oxide layer (~ 28
nm) are also measured. Different VSiNW diameters (from 20nm to 80nm) were fabricated in
this study but for ease of TEM sample preparation, a large diameter was chosen.
It is evident in Figure 6.1 (a) that the silicide-silicon interface in the Si substrate is
right below the edge of the gate region and there is no sign of nickel silicide intrusion
beneath the gate region or into the VSiNW bottom in Figure 6.1 (b). From the dark contrast
labelled as NixSiy intrusion in Figure 6.1 (b) the VSiNW tip is fully silicidized. This
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observation demonstrates the S/D regions of the fabricated transistor is silicidized
asymmetrically and correlates well with the fabrication process. Also shown in Figure 6.1
(b), the silicide-silicon interface in the VSiNW is not align to the edge of the gate region.
Coupled with the lack of un-silicidized VSiNW bottom, fabricated SB transistor will have
low drive current due to large internal resistance.

(a)
Ta/Al/Ta metal
contact

Tuned
FUSI gate

Nickel Silicide
VSiNW

Nickel Silicide

(b)

NixSiy intrusion

NixSiy intrusion
Gate Oxide

NiSi FUSI Gate

VSiNW

Figure 6.1 Cross-sectional TEM image showing the GAA-VSiNW SB MOSFET (diameter ~ 48nm) with
metal layers for probing. Gate oxide is ~ 5nm and NixSiy intrusion length is ~ 34nm. Bottom isolation oxide
layer thickness is ~ 28nm. The gate region is observed to be fully-silicidized.
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6.4
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Figure 6.2 (a) IDS – VGS, (b) IDS – VDS and (c) Gm of GAA-VSiNW SB PMOS.

Figure 6.2 (a) shows the IDS – VGS curve of the fabricated GAA-VSiNW SB
PMOSFET with p-doped FUSI gate. During measurement, gate voltage of ± 2V and drain
voltage of -1.2V and -0.2V are applied to the device under test while the source is
maintained at 0V. It is worthwhile to take note that the VSiNW tip is denoted as ‘Drain’ and
the VSiNW bottom is denoted as ‘Source’.
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High drive current (~ 650 µA/µm at VDS = -1.2V, VGS = -2V) is observed in the
negative VG region and low leakage current (~ 10-6 µA/µm at VDS = -1.2V, VGS = +2V) in the
positive VG region. These features are very similar to those of doped S/D PMOSFET instead
of the ambipolar characteristics of SB-MOSFET, due the asymmetrical SB S/D regions
mentioned in Section 6.2. The Drain-Induced Barrier Leakage (DIBL) is ~ 5mV/V and subthreshold swing (SS) is ~ 75mV/decade. The excellent SCE characteristics are attributed to
the Gate-All-Around structure and the thin gate oxide thickness of 5nm which enhance the
gate electrostatic control. The Ion/Ioff ratio, measured at VDS = -200mV, is ~ 2 x 108 and VT is
~ 0.32V.
The IDS - VDS characteristics in Figure 6.2 (b) shows the absence of an upward
sloping sublinear turn-on due to the low Φbeff. In most SB MOSFET, the upward sloping
sublinear turn-on behavior can be found in their IDS - VDS characteristics. There is also clear
presence of linear and saturation regions for all VGS biases, indicating that channel pinch-off
has been reached.
Figure 6.2 (c) shows the extracted trans-conductance (Gm) of the fabricated device at
VDS = -0.2V and -1.2V. The inset presents the zoom-in view for VDS = -0.2V because the Gm
values are too small as compared to VDS = -1.2V. Maximum Gm of ~ 550 µS/µm is achieved
at VGS = -0.25V for VDS = -1.2V. Compared to GAA-VSiNW PMOS with doped S/D, for VDS
= -1.2V, the maximum Gm for GAA-SB PMOS is ~ 3 times higher. This is expected since at
the same VGS, the drive current for GAA-VSiNW SB-PMOS is higher than that of GAAVSiNW with doped S/D.
Based on literature, SB transistors should exhibit ambipolar behavior whereby the
drain current IDS attains the similar magnitude level regardless of the applied VGS. This is
attributed to the near mid-gap SBH of NiSi-silicided S/D regions due to Fermi level pinning,
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which has a SBH of 0.67eV for electrons and 0.45eV for holes. As shown in Figure 6.2 (a),
the fabricated SB transistor does not exhibit ambipolar characteristics. The reason is due to
the asymmetrical SB S/D regions inherent from the fabrication process. This could be better
illustrated by the energy band diagram shown in Figure 6.3.

(c)

h+
Channel

eVGS > 0,
VDS <0

Source

Drain

Source

Channel

(b)

Drain

VGS = 0,
VDS =0

VGS < 0,
VDS <0

Drain

Source

(a)

Channel

Figure 6.3 Energy Band Diagram of VSiNW SB-PMOS fabricated in this study.

Figure 6.3 (a) shows the energy band diagram of VSiNW SB-PMOS fabricated in
this study without the application of external bias to the gate and drain. Due to the p-type
implant at the source side, the energy band within close vicinity of the source is pushed up.
At negative VGS, shown in Figure 6.3 (b), the energy band is pushed up by the gate bias
which leads to tunnel hole current at the source side. At the drain side, the electron Schottky
barrier thickens such that there is negligible electron current at the drain side. Thus, the
predominant transport carriers at this stage are holes and this is well-reflected by the high
drive current IDS in Figure 6.2 (a). As VGS increases, the energy band is pushed downward
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and the Schottky barrier for holes at the source side thickens while the Schottky barrier at
the drain side for electrons starts to thin down. This results in tunnel electron current at the
drain side. At large positive VGS in Figure 6.3 (c), the energy band is pushed further
downwards and the Schottky barrier at the drain side becomes very thin which allows more
electrons to tunnel through it and this leads to increased electron current at the drain side.
Concurrently, at the source side, the electron Schottky barrier thickens (red circle) due to the
p-type implant and leads to reduced electron tunneling at the source side. Thus, the leakage
current observed is contributed only by the thermionic electron current having sufficient
thermal energy to surmount the Schottky barrier at the source side. This is reflected by the
very low leakage current at positive VGS in Figure 6.3 (a). Therefore, the SB-VSiNW
transistors fabricated in this study do not exhibit the typical ambipolar transfer output
behavior of SB-MOSFET [6.9].
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6.3.2 Short-Channel Effect Characteristics
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Figure 6.4 Extracted (a) DIBL and (b) Sub-threshold swing (SS) measurements plotted against VSiNW
diameter. DIBL values remain below 75mV/V and SS values remain below 80mV/decadeade as the
VSiNW diameter varies from 20nm to 40nm.

Page 122

Chapter 6 Demonstration of Schottky Barrier MOSFET via
VSiNW architecture

Figure 6.4 (a) shows the extracted DIBL values plotted against the VSiNW diameter.
The average DIBL value decreases, from ~ 65mV/V to a minimum of ~ 27mV/V, as the
nanowire diameter increases from 20nm to 32nm and rebound back to ~ 60mV/V as the
nanowire diameter further increases to 40nm. The overall DIBL performance across all the
measured nanowire diameters is almost constant ~ 50mV/V. The constant DIBL observed is
due to the presence of Schottky barriers at the source and drain ends, even though the
fabricated transistors have asymmetrical SB S/D regions, which reduce the bending of the
VSiNW channel potential. Furthermore, compared to GAA-VSiNW doped PMOSFET with
same nanowire diameter, the SB counterpart demonstrates DIBL values more than 400%
lower. This remarkable result can be attributed to the steep, well-defined metallized S/D
interface in the SB transistors since no diffusion of dopants are required and this helped to
minimize the effect of drain bias on the energy band barrier on the source side.
Figure 6.4 (b) shows the extracted SS values plotted against the VSiNW diameter.
The average SS value decreases, from ~ 76 mV/decade to ~ 71 mV/decade, with VSiNW
diameter increases from 20nm to 32nm but it rebounds back to ~ 79mV/decade at VSiNW
diameter = 40nm. The overall SS performance across all the measured nanowire diameter is
almost constant at ~ 75mV/decade. The constant SS extracted indicates that the leakage
current is suppressed and this can be attributed to the existence of an NiSi2-x/Si Schottky
barrier at the source which is immune to the drain bias applied at the various VSiNW
diameter measured. Compared to GAA-VSiNW doped PMOSFET with the same diameter,
the measured SB PMOSFET exhibits ~ 30% reduction in value. This is expected since no
dopant implantation is needed, which, in turn, reduces the depletion layer capacitance and
lowers SS.
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6.3.3 Ion/Ioff current characteristics and Threshold Voltage (VT) tuning
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Figure 6.5 (a) Ion - Ioff ratio of GAA-VSiNW PMOS with various diameters and (b) Ioff vs Ion
characteristics of GAA-VSiNW PMOS compared with reported devices.

Figure 6.5 (a) plots the Ion/Ioff ratio against VSiNW diameter characteristics of GAAVSiNW SB PMOS. The Ion/Ioff ratio shows an average value of ~ 109 for all VSiNW
diameters, one order of magnitude higher than GAA-VSiNW doped PMOS. Since the
absolute values of Ion and Ioff are independent of VSiNW diameters, it implies that the
variations in the Ion/Ioff ratio is due to the slight differences in Φbeff and not due to the
difference in VSiNW diameter. This is contrary to the belief that with larger VSiNW
diameter, the gate electrostatic potential control over the channel is reduced and results in
higher leakage current. With the help of GAA architecture, Ion/Ioff ratio is expected to be
higher than the planar counterparts.
Figure 6.5 (b) illustrates the Ioff versus Ion characteristics of GAA-VSiNW SB PMOS
for various VSiNW diameters. Also included in Figure 6.5 (b) are the Ioff versus Ion
characteristics of some reported planar and VSiNW SB PMOS. A comparison owith the
report in recent literature frames the results of the fabricated devices in favorable terms even
against planar counterparts [6.2-6.4]. At Ioff = 10-7 µA/µm, the VSiNW SB PMOS in this
Page 124

Chapter 6 Demonstration of Schottky Barrier MOSFET via
VSiNW architecture

study have 5 times higher Ion than that reported by Chen et al [6.1]. At Ion = 300 µA/µm,
leakage current of the PMOS devices in this study is 4 orders of magnitude lower than those
reported in [6.3].
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Figure 6.6 Threshold Voltage (VT) variation across the various VSiNW diameters fabricated in this
work. The extracted VT shows an increasing trend when the VSiNW diameter increases from 20 nm to
40 nm.

Figure 6.6 shows the variation of threshold voltage (VT) with respect to the different
measured VSiNW diameter. VT is extracted from the IDS – VGS measurement data using the
trans-conductance extrapolation method in the linear region (GMLE). The average extracted
VT values from the measured GAA-VSiNW SB PMOS devices are in the positive range
above 0V. This can be attributed to the work function mis-match between the gate and the
channel. Moreover, the overall VT trend decreases as the VSiNW diameter decreases with an
average VT reduction of 67 mV. In addition, it is observed that the reduction in VT is bigger
when the difference in VSiNW diameter is larger. This implies that VT can be adjusted to the
desired value by changing the size of VSiNW without the need of additional VT adjustment
implants or the use of different gate materials (such as Er for PMOS and Pt for NMOS) [6.6,
6.10] for different transistors.
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Figure 6.7 (a) IDS – VGS and (b) IDS – VDS plots of GAA-VSiNW NMOS with As-doped gate and S/D
regions. The extracted Gm,sat and Gm.lin are plotted in Figure 6.7(c).

Figure 6.7 illustrates the output, transfer and trans-conductance characteristics of
GAA-VSiNW NMOS with FUSI gate and asymmetrically silicided S/D regions. The gate
length is ~ 100nm, the SiNW height and diameter are ~ 300nm and ~ 23nm, respectively.
The IDS – VGS curve in Figure 6.7 (a) exhibits high Ion for positive VGS region (~ 1000 µA/µm
at VGS = 1.5V and VDS = 1.2V) and low leakage current, Ioff, for negative VGS region (~ 10-14
µA/µm at VGS = -2V and VDS = 1.2V). This behavior closely resembles the typical output
characteristics of enhancement mode NMOS instead of Schottky Barrier NMOS. The root
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cause can be attributed to the asymmetrically silicided S/D regions as explained in Figure
6.3.
In addition, the fabricated NMOS exhibits excellent SCEs with DIBL ~ 29 mV/V
and SS ~ 70 mV/decade. These values are comparable with those reported by E. J. Tan et. al.
[6.11]. The Ion/Ioff ratio for this measured device is ~ 106 at VDS = 200mV and the extracted
VT is ~ -0.35V. From Figure 6.7 (b), there is a slight upward sloping sublinear turn-on, found
in most SB MOSFET, due to the existence of Φbeff. However, there is clear presence of
linear and saturation regions for all VGS biases, indicating that channel pinch-off has been
reached.
Figure 6.7 (c) shows the extracted trans-conductance (Gm) of the fabricated device at
VDS = 0.2V and 1.2V. The inset presents the zoom-in view for VDS = 0.2V because the Gm
values are too small as compared to VDS = 1.2V. Maximum Gm of ~ 325 µS/µm is achieved
at VGS = 0V for VDS = 1.2V. Compared to GAA-VSiNW NMOS with doped S/D, for VDS =
1.2V, the maximum Gm of GAA-VSiNW SB NMOS is ~ 2 times higher.
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Figure 6.8 (a) and (b) depict the SCE characteristics, SS and DIBL, for various VSiNW diameters
measured.
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Figure 6.8 displays the SCEs (DIBL and SS) distribution of GAA-VSiNW SB
NMOS with FUSI gate across various VSiNW diameters. As shown in Figure 6.8, DIBL and
SS values both demonstrate an increasing trend as VSiNW diameter increases in size. The
lowest DIBL and SS extracted are ~ 5 mV/V and ~ 66 mV/decade, respectively, where
VSiNW diameter = 20nm. These values are amongst the lowest ever extracted with respect
to reported literature [6.11]. Larger DIBL and SS values are expected for bigger VSiNW
diameter size because the gate electric field coupling to the channel weakens and the drain
starts to exert greater influence on the channel and source. This is similar to the degradation
of SCEs in classic planar MOSFETs as the gate length shortened.

6.5.3 Ion/Ioff current characteristics and VT tuning
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Figure 6.9 (a) Ioff vs Ion characteristics of GAA-VSiNW NMOS fabricated in this study. Results from
literature are also included. (b) Ion/Ioff ratio of GAA-VSiNW NMOS measured in this study. Bigger
diameter VSiNW shows lower Ion/Ioff ratios than smaller diameter VSiNWs.

Figure 6.9 (a) illustrates the Ion vs. Ioff characteristics of the measured devices with
various VSiNW diameters. Included in the diagram are some reported Ion and Ioff values for
NMOSFETs with planar, GAA-VSiNW and lateral GAA-SiNW architectures. A comparison
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between the fabricated devices and those from reported literature [6.3-6.6] frames the
devices in this study in favorable terms even against the planar counterparts [6.5]. The
GAA-VSiNW SB NMOSFET Ion values are higher than the reported Ion values of planar SB
NMOSFETs with shorter gate length or similar GAA-SiNW. The higher Ion values can be
attributed to the enhanced tunneling current due to a possible thinning effect of the Schottky
Barrier caused by smaller metal-silicon junction size [6.1].
Figure 6.9 (b) shows the Ion / Ioff ratio of the fabricated GAA-VSiNW SB NMOS
against various VSiNW diameters. The average Ion / Ioff ratio decreases as the VSiNW
diameter increases. For VSiNW diameter = 20nm, the average Ion / Ioff ratio is ~ 1010 while
the average Ion / Ioff ratio reduces by 7 orders of magnitude to ~ 3.7 x 103 for VSiNW
diameter = 36nm. The decrement of Ion / Ioff ratio is consistent at approximately 2 orders of
magnitude. The decreases in Ion / Ioff ratio with increasing VSiNW diameter is expected
because the electrostatic coupling of the gate weakens with larger VSiNW and as a result,
the Ioff values increase as a faster rate than the Ion values.
Figure 6.10 (a) shows the VT box plot of measured GAA-VSiNW SB NMOS for
various VSiNW diameters (Method 1). Negative VT, which ranges from ~ -0.6V to ~ -2.75V
with smaller VSiNW diameter having more positive VT values (close to 0V) and larger
VSiNW diameter having more negative VT values, are extracted from the fabricated devices.
This is a result of small work function difference between the gate and channel regions.
Looking closer at the measurements, it is observed that the measured VT values exhibit an
increasing trend (VT values are getting closer to or above 0V) with decreasing VSiNW
diameter with an average ΔVT of ~ 72 mV. This implied that the work function difference
between the gate and channel regions can be engineered to the desired value simply by
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adjusting the VSiNW diameter, thus providing an effective yet highly efficient method of
optimizing device VT.
2
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Figure 6.10 (a) Threshold Voltage (VT) distribution of GAA-VSiNW SB NMOS. Smaller diameter
VSiNW attains less negative VT. ΔVT varies from 65mV to 80mV. (b) A positive shift in VT distribution
for all measured GAA-VSiNW SB NMOS accomplished using BF2-doped FUSI-gate. The ideal VT range
for normal NMOS operation is included

In this study, we have studied another option to optimize VT. The second method
(Method 2) is to implant the BF2 (p-type) dopant species, instead of Phosphorus (n-type)
dopant, into the gate region, before nickel deposition, to form tuned FUSI gate. Figure 6.10
(b) shows the VT comparison of measured devices between n-doped and p-doped FUSI gates
for various VSiNW diameters. From the measured results, the VT values of GAA-VSiNW
NMOS with BF2-doped FUSI gate are consistently higher than those of Phosphorus-doped
FUSI gate. The increment in VT values ranges from 0.85V to 1.15V and there is an average
positive VT shift of ~ 1.04 V when all measured VSiNW diameters are taken into
consideration. This positive shift in VT can be attributed to the larger work function
difference between the gate and channel regions due to BF2 dopant species. Furthermore, it
is observed that, with VSiNW diameters smaller than 23nm and BF2 gate implant, the VT
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value of fabricated GAA-VSiNW SB NMOS can be tuned to above 0V (the ideal VT range
for NMOS operation).
In the next section, the different electrical aspects between GAA-VSiNW SB NMOS
with Phosphorus - doped FUSI gate and GAA-VSiNW SB NMOS with BF2 - doped FUSI
gate will be compared.

6.6 Electrical characteristics comparison between GAA-VSiNW
SB NMOS with BF2 – doped FUSI gate and GAA-VSiNW SB
NMOS with Phosphorus – doped FUSI gate
6.6.1 Output and transfer characteristics
From Section 6.5.3, there are 2 plausible methods to tune/optimize the NMOS VT
value. A combination of the 2 proposed methods is able to achieve the ideal VT range for
NMOS operation. In this section, detailed analysis is performed to investigate the impact of
BF2 gate doping on the various electrical characteristics and associated SCEs.
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Figure 6.11 (a) IDS - VGS graph of GAA-VSiNW NMOS with n- and p-doped FUSI gate. Devices with pdoped FUSI gate showed a positive shift of +1V. The corresponding IDS - VDS graphs are shown in (b).
There is a 50% decrease in drive current at VDS = +3 V, VGS = +0.80 V.
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Figure 6.11 (a) compares the IDS – VGS characteristics between GAA-VSiNW SB
NMOS with BF2 – doped FUSI gate and GAA-VSiNW SB NMOS with Phosphorus – doped
FUSI gate (VSiNW diameter = 23nm, Lgate = 100nm). From Figure 6.11 (a), it is observed
that there is a +1 V rightward shift in the slope of the IDS - VGS curve which corresponds well
with the ΔVT value shown in Figure 6.10 (b). There is also a slight decrease in drive current
for GAA-VSiNW SB NMOS with p-doped FUSI metal gate at VGS = + 1.50 V, VDS = + 1.20
V. This can be attributed to the increases in VT. Furthermore, the Ioff value remains constant
at ~ 6.5 x 10-6 µA/ µm for both types of NMOS. This implies that the change in gate doping
species has no impact on the leakage current.
Figure 6.11 (b) illustrates the IDS – VDS characteristics of both types of GAA-VSiNW
SB NMOS. There is a clear presence of linear and saturation regions for all VGS biases,
indicating that the channel pinch-off has been reached. Clearly, from Figure 6.11 (b), NMOS
device with BF2 – doped FUSI metal gate demonstrated a 50% drop in IDS at VDS = +3 V,
VGS = +0.80 V. This substantiates the drive current observation seen in Figure 6.11 (a).
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Figure 6.12 (a) SS comparison between GAA-VSiNW SB NMOS with n- vs p-doped FUSI gate. (b)
illustrates the DIBL comparison of the same devices in (a).
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Figure 6.12 compares the (a) SS and (b) DIBL characteristics between GAA-VSiNW
SB NMOS with n-doped FUSI metal gate and GAA-VSiNW SB NMOS with p-doped FUSI
metal gate. From Figure 6.12 (a), at VSiNW diameter = 20nm, good SS performance (~ 70
mV/decade) is achieved for both types of NMOS devices. The SS performance degrades
with larger VSiNW diameters. This is expected because full depletion of VSiNW is hard to
achieve at large VSiNW diameters, resulting in sub-threshold leakage which leads to SS
degradation. At VSiNW diameter > 23nm, the SS values of devices with p-doped FUSI
metal gate is consistently lower than those of devices with n-doped FUSI metal gate. This
may suggest that increasing the work function difference between the gate and channel
regions will aid in the slowdown of SS degradation to VSiNW diameters larger than those
fabricated in this study.
From Figure 6.12 (b), excellent DIBL characteristic (~ 20mV/V) is achieved for both
types of NMOS devices at VSiNW diameter = 20nm. However, the DIBL performance
degrades with VSiNW diameters > 20nm. Unlike the corresponding SS performance, DIBL
values remain fairly consistent between both device types.

6.6.3 Effective Schottky Barrier Height
The total injection current from the drain can be approximated by the aggregation of
thermionic (ITE) and tunneling (ITN) currents (i.e. I = ITE + ITN) which can be expressed in the
forms of
𝐼𝑇𝐸 = 𝐴𝐴∗ 𝑇 2 𝑒𝑥𝑝 (−

𝑞(𝛷𝑏 +𝛹𝑐 )

𝑞𝛹𝑐

𝑘𝑇

𝑘𝑇

) = 𝐼𝑠 𝑒𝑥𝑝 (−

)

(Equation 6.1)

and
𝐼𝑇𝑁 =

𝐴𝑞 2 𝐸 2
8𝜋ℎ𝛷

1

8𝜋

𝑒𝑥𝑝 [− 3ℎ𝑞𝐸 {2𝑚∗ (𝑞𝛷𝑏 )3 }2 ]
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where Φb is the SBH, Ψc is the channel potential (conduction band across the channel
modulated by the external gate voltage), k is the Boltzmann constant, T is the measurement
temperature, q is the electronic charge, A is the diode area, A* is the Richardson constant, E
is the electric field across Φb, h is the Planck’s constant and m* is the effective mass.
Hence, to determine the SBH, the ITE or ITN would need to be evaluated first and then
solve for SBH. In practice, it is more straightforward to measure the total current and solve
for an ‘effective’ SBH via the thermionic equation (see Equation 6.1) since the total current
encompasses both ITE and ITN components. In this study, we employed the modified method
by Zhang et. al. [6.7] and Peng et. al. [6.8] to evaluate the effective SBH of SB and DSSB
(to be introduced in Chapter 7) nanowire transistors. The equation is expressed as:
𝐼 = 𝑤𝐴∗∗ 𝑇 2 𝑒𝑥𝑝 (−

𝑞𝛷𝑒𝑓𝑓
𝑘𝑇

𝑞𝑉

) [𝑒𝑥𝑝 ( 𝑘𝑇𝐷 ) − 1]

(Equation 6.3)

where w is a suitable geometric factor e.g. the nanowire diameter.
The device IDS – VGS is measured at relatively low VDS across several temperatures
where IDS is simply the total current across the MS junction. For every point of VGS, a
corresponding effective SBH is extracted as the activation energy from the Arrhenius plot
using Equation 6.3. A typical Arrhenius plot is shown in Figure 6.13 where the measurement
was done between 300K to 100K. Only the shaded region is used for the extraction of the
activation energy due to good linearity.
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Figure 6.13 Arrhenius plot of SB GAA-VSiNW nMOS from which the effective SBH is extracted from
the linear region of the plot.

Figure 6.14 shows the extracted effective SBH (Φbeff) of GAA-VSiNW SB NMOS
with n-doped FUSI metal gate and GAA-VSiNW SB NMOS with p-doped FUSI metal gate
as a function of the applied VGS. The extracted Φbeff takes into account both thermionic (ITE)
and tunneling current (ITN). Therefore, it is a measure of Schottky Barrier Height (SBH) and
Schottky Barrier thickness. Disparity in Φbeff is observed between the two types of devices at
VGS < -0.5 V. This is due to the different VT values where devices with n-doped FUSI metal
gate has more negative VT than devices with p-doped FUSI metal gate.
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Figure 6.14 Effective SBH (Φbeff) of devices with n-doped FUSI metal gate and p-doped FUSI metal
gate.
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From Figure 6.14, for n-doped FUSI metal gate, between VGS = -1.90 V to -1.70 V,
the current transport mechanism is dominated by TE with a slope of ~ 2.6 eV/V. In this
region, VGS modulates the SBH to ~ 0.56 eV. Between VGS = -1.70 V to VGS = -1.50 V, VGS
modulates the Schottky Barrier thickness and the current flow is now controlled by
thermionic field emission (TFE) with the Φbeff modulation is reduced to ~ 0.70 eV/V. Thus,
the change in Φbeff is due to the different current conduction mechanisms. At larger VGS (VGS >
-1.50V), VGS is unable to reduce the Schottky Barrier thickness further and the current flow
is limited by the VSiNW resistance. This occurs for VGS > -1 V whereby Φbeff remains
constant ~ 0.45 eV.
For p-doped FUSI metal gate, the Φbeff modulation is ~ 2.2 eV/V, between VGS = -1
V to -0.80 V, very similar to n-doped FUSI metal gate. Hence, the current transport in this
region is dominated by TE. Between VGS = -0.80 V to -0.60V, Φbeff modulation is reduced to
~ 0.52 eV/V and the current transport mechanism has changed from TE to TFE whereby VGS
adjusts the Schottky Barrier thickness. At VGS > -0.60 V, Φbeff is equal to 0.51 eV, slightly
higher than n-doped FUSI metal gate devices. Both Φbeff values are near Si mid-gap which
exemplifies Fermi level pinning.

6.5

Chapter Summary
We have fabricated Schottky Barrier PMOSFET and NMOSFET via GAA-VSiNW

architecture. GAA-VSiNW SB PMOS exhibited high IDS (~ 650 µA/µm at VDS = -1.2V, VGS
= -2V) with low leakage (~ 10-6 µA/µm at VDS = -1.2V, VGS = +2V). In addition, GAAVSiNW SB PMOS fabricated in this study exhibited 5 times higher drive current than
reported literature at Ioff = 10-7 µA/µm. Furthermore, our devices showed excellent SCE
performance.
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There is slight upward sloping sub-linear slope shown in GAA-VSiNW SB NMOS
and the SCE performance is degraded as compared to GAA-VSiNW SB PMOS. In terms of
Ion-Ioff characteristics, GAA-VSiNW SB NMOS fabricated in this study still outperforms
those reported in literature.
For VT tuning, GAA-VSiNW SB NMOS with p-doped FUSI gate showed an average
positive VT shift of ~ 1.04V and NMOS devices with diameters 20nm and 23nm able to meet
the VT requirement for LSTP application. Despite this advantage, GAA-VSiNW SB NMOS
with p-doped FUSI gate demonstrated a 50% drop in drain current. This observation is due
to the increase in device VT. At the same time, GAA-VSiNW SB NMOS with p-doped FUSI
gate also exhibited better SCE performance than that of n-doped FUSI gate and both types of
device achieve almost identical effective SBH for electrons.
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CHAPTER 7
JUNCTION
ENGINEERING
WITH
DOPANT-SEGREGATED
SCHOTTKY
BARRIER VSiNW MOSFETs

7.1

Introduction
In Chapter 6, we have investigated the electrical and SCE characteristics of GAA-

VSiNW SB MOSFETs. Furthermore, we have successfully demonstrated SB transistors with
superb electrical and SCE performance. Concurrently, we are able to tune the device VT
through replication of the VT tuning methods first discussed in Chapter 5.
Although GAA-VSiNW SB MOSFETs have attained high drive current (Ion), we
would like to further increase Ion while maintaining low leakage current (Ioff) levels. To help
achieve this goal, a technique known as dopant segregation is integrated into GAA-VSiNW
SB n- and p-MOSFETs. Dopant segregation is attained by forming metal silicide on an ultrashallow doped region to accumulate or ‘snow-plow’ the dopants at the Metal-Silicon (MS)
interface. An advantage of this method is the use of a single metal for both NMOS and
PMOS and the metal does not necessary has to be rare earth material.
In this chapter, we will also explore the implementation of Dopant Segregated
Schottky Barrier (DSSB) S/D regions in VSiNW MOSFET (GAA-VSiNW DSSB
MOSFET), determine their electrical characteristics and compare them against those from
GAA-VSiNW SB MOSFET. At the same time, we will also include VT tuning splits for
NMOS devices and measure the corresponding electrical characteristics.
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7.2

Experimental Details
In this chapter, the devices under study are: (i) GAA-VSiNW DSSB PMOS with

doped FUSI gate and (ii) GAA-VSiNW DSSB NMOS with doped FUSI gate. The
fabrication process details for the devices studied in this chapter had been outlined in
Section 3.4.2 in Chapter 3.
GAA-VSiNW DSSB MOSFETs with doped FUSI gate were fabricated on single
VSiNWs with height ~ 300nm, gate length (Lgate) ~ 100nm and varying diameters (from
20nm to 60nm). The VSiNW tip and wafer substrate will serve as the drain (D) and source
(S) regions, respectively. To obtain the dopant accumulation effect, a pre-silicidation
implant step was done before Ni deposition. For PMOS, the pre-silicidation implant
conditions are BF2 / 5KeV / 4 x 1015 cm-2 / 0o tilt / 0o twist and for NMOS, the presilicidation implant conditions are As / 5KeV / 4 x 1015 cm-2 / 0o tilt / 0o twist. Finally, S/D
and gate electrical contacts are done through patterned metal layers consisting of
TaN/Al/TaN layers.
Due to the complexity of gate last process and the risk of metal cross contamination
between different process equipment used during the VSiNW transistor fabrication, the gate
first process is adopted but a drawback of this process is the formation of asymmetrical SB
S/D regions. In order to achieve low substrate resistivity, the substrate is subjected to a preimplant step with high dose and low implant energy before the Ni deposition. Unless
specified otherwise, the devices studied in this chapter will consist of doped FUSI gate and
asymmetrical DSSB S/D regions.
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For the VT tuning splits, the gate implant conditions are shown in the table below. In
Table 7.1, the implant conditions for dopant segregation are kept constant except for the
dopant species used. GAA-VSiNW NMOS is chosen as the test vehicle for the VT tuning
study because from literature, the VT value for GAA-VSiNW FETs tends to be negative.
Device

Implant conditions

GAA-VSiNW DSSB NMOS (control)

P/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

GAA-VSiNW DSSB NMOS (tuned VT)

BF2/5 keV/ 1 x 1015 cm-2/ 200 tilt/ 4 rotations

Table 7.1 List of gate implant conditions for VT tuning splits to be used in conjunction with GAA-VSiNW
DSSB NMOS

7.3

Electrical Characteristics of GAA-VSiNW DSSB PMOS
measured against GAA-VSiNW SB PMOS
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7.3.1 Transfer and Output Electrical Characterization
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Figure 7.1 (a) IDS – VGS transfer characteristics of GAA-VSiNW DSSB PMOS compared against GAAVSiNW SB PMOS. (b) shows the corresponding IDS – VDS output characteristics of the same devices.

Figure 7.1 (a) shows the IDS – VGS curve of GAA-VSiNW SB PMOS measured
against that of GAA-VSiNW DSSB PMOS. During measurement, gate voltage of ± 2V and
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drain voltage of -1.2V and -0.2V are applied to the device under test while the source is
maintained at 0V. It is worthwhile to take note that the VSiNW tip is denoted as ‘Drain’ and
the VSiNW bottom is denoted as ‘Source’ and the gate is BF2 – doped FUSI metal gate.
High Ion are achieved, at VDS = -1.2V and VGS = -2V, for both SB and DSSB PMOS.
For DSSB PMOS, the drive current, at VDS = -1.2V and VGS = -2V, is ~ 800 µA/µm which is
77% higher as compared to 450 µA/µm achieved by SB PMOS under same testing condition.
The Drain-Induced Barrier Leakage (DIBL) for DSSB PMOS is ~ 15mV/V, three times
higher than SB PMOS (~ 5 mV/V) but the Sub-threshold swing (SS) for DSSB PMOS is ~
19% lower than SB PMOS (61 mV/decade for DSSB against 75 mV/decade for SB). Note
that the DIBL of DSSB PMOS is very close to ideal SS (60 mV/decade).
The increase is DIBL can be attributed to the diffusion of small amounts of dopants,
caused by thermal steps during the fabrication, closer to the channel region. However, the
improvement in SS is due to the presence of accumulated dopants at MS interface which
altered the energy bands as explained in Chapter 2. Despite the enhanced Ion, the Ioff for both
devices remained constant at 6.5 pA/µm.
From Figure 7.1 (b), it is observed that there is absence of upward sloping sublinear
turn-on due to the low Φbeff to holes. There is clear presence of linear and saturation regions
of all VGS biases, indicating channel pinch-off has been reached. Furthermore, DSSB PMOS
exhibits higher measured IDS than SB PMOS for every VGS. At VGS = -1.5 V and VDS = -2.7 V,
DSSB PMOS shows a 39% increase in IDS over SB PMOS.
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7.3.2 Device current characteristics, Short Channel Performance and
Threshold Voltage Tuning
Figure 7.2 (a) shows the IDS behavior with respect to various VSiNW diameters.
From Figure 7.2 (a), the extracted IDS, at VGS = -2V and VDS = -1.2V, of DSSB GAA-VSiNW
PMOS is clearly much higher than that of SB GAA-VSiNW PMOS for all the measured
VSiNW diameters. The enhancement in drive current can be attributed to thinning of
Schottky Barrier thickness and Fermi level de-pinning caused by segregating dopants at the
MS interface. This is supported by the consistency of drive current value of DSSB PMOS.
From Figure 7.2 (b), DSS GAA-VSiNW PMOS exhibit consistently higher Ion than
SB GAA-VSiNW PMOS even at larger VSiNW diameter. This is consistent with the
observation seen in Figure 7.2 (a). At Ioff = 10 pA/µm, DSS GAA-VSiNW PMOS (1160
µA/µm) showed a 66% increase in Ion with respect to SB GAA-VSiNW PMOS (700
µA/µm).
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Figure 7.2 (a) Idsat of GAA-VSiNW PMOS increase with increasing VSiNW diameter. Devices with DSS
S/D show higher Idsat than those with SB S/D. Figure 7.2 (b) Ion vs Ioff characteristics of GAA-VSiNW
PMOS with DS S/D and DSS S/D.
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Figure 7.3 (a) DIBL and (b) SS values of DSSB GAA-VSiNW PMOS are consistently smaller than SB
GAA-VSiNW PMOS. This implies segregated dopants at MS interface helped to alleviate SCE.

Figure 7.3 illustrates the short channel performance DSSB GAA-VSiNW PMOS
plotted as a function of VSiNW diameter. Setting as a benchmark, the DIBL and SS
characteristics of SB GAA-VSiNW PMOS are compared against those of DSSB GAAVSiNW PMOS in Figure 7.3. It is clear that the short channel performance of DSSB GAAVSiNW PMOS is much better than SB GAA-VSiNW PMOS as shown in Figures 7.3 (a)
and (b). Both DIBL and SS characteristics of DSSB GAA-VSiNW PMOS exhibit lower
values as compared to SB GAA-VSiNW PMOS.
It is easy to notice the similarities in the trends between the two plots in Figure 7.3.
The short channel performance of DSSB GAA-VSiNW PMOS improves with smaller
VSiNW diameters. This implies that smaller VSiNW diameters coupled with dopant
segregation technique is beneficial to the further scaling of GAA-VSiNW.
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Figure 7.4 (a) Threshold Voltage (VT) of DSSB GAA-VSiNW PMOS as a function of VSiNW diameter
and (b) VT comparison of DSSB GAA-VSiNW PMOS with respect to SB GAA-VSiNW PMOS.

Figure 7.4 (a) shows the VT of DSSB GAA-VSiNW PMOS as a function of VSiNW
diameter while Figure 7.4 (b) shows the VT comparison between DSSB GAA-VSiNW
PMOS and SB GAA-VSiNW PMOS. From Figure 7.4 (a), it is clear that fine-tuning of VT,
for GAA-VSiNW devices, is achievable by reducing or increasing the VSiNW diameter.
This provides a simple yet cost-efficient method to optimize device performance and is
definitely beneficial to further scaling of VSiNW devices.
From Figure 7.4 (b), there is minimal difference in the extracted VT values for both
DSSB and SB GAA-VSiNW PMOS devices. This implies that the segregated dopants did
not diffuse into the channel region (underneath the gate) but only to regions close to the
channel. Thus, there is no large impact on device VT.
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7.4

Electrical Characteristics of DSSB GAA-VSiNW NMOS
measured against SB GAA-VSiNW NMOS
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Figure 7.5 (a) IDS – VGS transfer characteristics of DSSB and SB GAA-VSiNW NMOS and (b) IDS – VDS
output characteristics of the same devices.

In this section, the electrical characteristics of DSSB GAA-VSiNW NMOS are
compared against SB GAA-VSiNW NMOS. It is worthwhile to take note that the gate is
Arsenic – doped FUSI metal gate and the sole difference between both types of devices is
the segregation of dopants at the MS interface.
Figure 7.5 depicts the IDS – VGS transfer and IDS – VDS output characteristics of DSSB
GAA-VSiNW NMOS with respect to SB GAA-VSiNW NMOS. From Figure 7.5 (a), high
IDS is achieved for both SB and DSSB NMOS. At VGS = 1.5 V and VDS = -1.2 V, DSSB
NMOS (~ 778 µA/µm) demonstrated a 17% increase in drive current (IDS) as compared to
SB NMOS (~ 664 µA/µm). The enhancement in IDS can be attributed to the successful
reduction of Φbeff to electrons due to the segregated Arsenic dopants at the MS interface.
Although there is an increase in drive current, the leakage current (Ioff) remains constant at ~
6.5 x 10-6 µA/µm for both DSSB and SB GAA-VSiNW NMOS. This implies that the
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accumulated dopants at MS interface do not pose detrimental impact to the transistor
performance.
Furthermore, extracted DIBL for DSSB NMOS (~ 51 mV/V) is ~ 1.7 times higher
than that of SB NMOS (~ 30 mV/V) but SS for DSSB NMOS is 86% lower than SB NMOS
(110 mV/decade for DSSB against 205 mV/decade for SB).
From Figure 7.5 (b), there is an absence of an upwardly sloping sublinear turn-on, an
indication of low Φbeff to electrons. There is clear presence of linear and saturation regions
for low VGS biases, indicating that the channel pinch-off has been reached. Furthermore,
DSSB NMOS showed higher IDS than SB NMOS for every measured VGS. At VGS = 1.2 V
and VDS = 1.9 V, DSSB NMOS demonstrated 12% increase in IDS over SB NMOS.

7.4.2 Device current characteristics, Short Channel Performance and
Threshold Voltage Tuning
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Figure 7.6 (a) IDS of DSSB and SB GAA-VSiNW NMOS increase with increasing VSiNW diameter. DSSB
devices show higher IDS than SB devices. (b) Ion vs Ioff characteristics of DSSB and SB GAA-VSiNW
NMOS.

Figure 7.6 (a) depicts the extracted IDS characteristics as a function of VSiNW
diameter. Clearly, DSSB GAA-VSiNW NMOS has slightly higher IDS than SB GAA-
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VSiNW NMOS. In terms of Ion – Ioff characteristics, at Ioff = 10 pA/µm, there is a 15%
increase in IDS for DSSB GAA-VSiNW NMOS with respect to SB GAA-VSiNW NMOS.
This enhancement in IDS can be attributed to the modification of the Schottky Barrier
thickness due to the segregated dopants at the MS interface.
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Figure 7.7 (a) DIBL and (b) SS of DSSB GAA-VSiNW NMOS are higher than SB GAA-VSiNW NMOS.

Figure 7.7 illustrates the DIBL and SS characteristics comparison between DSSB
GAA-VSiNW NMOS and SB GAA-VSiNW NMOS. For VSiNW diameter = 20nm, it is
clear that the DIBL and SS performance for DSSB GAA-VSiNW NMOS is better than SB
GAA-VSiNW NMOS but for VSiNW diameter > 20nm, DIBL performance of SB GAAVSiNW NMOS is better than its counterpart. However, for SS performance, SB GAAVSiNW exhibit lower values only when VSiNW diameter is > 23nm. Process fluctuations
might be the reason for these mixed results.
Figure 7.8 shows the threshold voltage (VT) variation as a function of VSiNW
diameter. From Figure 7.8 (a), it is clear that VT of DSSB GAA-VSiNW NMOS exhibits an
increasing trend as VSiNW diameter reduces. ΔVT ranges from 900mV to 26mV whereby
the larger VSiNW diameter (reduction from 40nm to 32nm) gets smaller ΔVT value while
smaller VSiNW diameter (reduction from 23nm to 20nm) gets larger ΔVT value. This
Page 148

Chapter 7 Junction Engineering With Dopant-Segregated Schottky
Barrier VSiNW MOSFETs

implies that VT of DSSB GAA-VSiNW NMOS is more sensitive to VSiNW diameter
variation than DSSB GAA-VSiNW PMOS (Figure 7.4 (a)). Looking at Figure 7.8 (b), the
integration of dopant segregation into SB GAA-VSiNW NMOS has little impact on VT since
there is very slight difference in the extracted VT values between DSSB and SB GAA-
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Figure 7.8 (a) Threshold Voltage (VT) variation as a function of VSiNW diameter and (b) comparison of
VT between DSSB and SB GAA-VSiNW NMOS.

From Figure 7.8, it can be observed that it is feasible to tune the device VT by varying
the VSiNW diameter. As mentioned in Section 7.2, we study another method to optimize VT
of DSSB GAA-VSiNW NMOS. In this new method, for the first time, we attempt to
coalesce opposite doped FUSI metal gate and VSiNW diameter variation to obtain the ideal
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VT range for Low Standby Power (LSTP) applications. The results are shown in Figure 7.8
(c). P–doped (specifically BF2 – doped) FUSI metal gate increase the VT between 0.72 V to
1.05 V. Moreover, DSSB GAA-VSiNW NMOS with p – doped FUSI gate is able to attain
the desired VT values for LSTP application at VSiNW diameter = 20nm and some devices
with VSiNW diameter = 23nm also manage to realize the minimum VT requirement for
LSTP application. Thus, through further fine-tuning, the range of VSiNW diameter required
to achieve LSTP application can be expanded.

7.4.3 Effective Schottky Barrier Height
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Figure 7.9 Effective plotted as a function of gate voltage, VGS, for SB GAA-VSiNW NMOS and DSSB
GAA-VSiNW NMOS. Both devices have n-doped FUSI metal gate.

The extracted effective SBH (Φbeff) for SB GAA-VSiNW and DSSB GAA-VSiNW
NMOS are depicted in Figure 7.9. In Figure 7.9 (a), both devices have n-doped FUSI metal
gate and in Figure 7.9 (b), both devices have p-doped FUSI metal gate. All devices are
measured with VSiNW diameter = 40nm. Generally, the Φbeff of both devices decrease
rapidly at the start of a raising VGS. Upon reaching threshold voltage, VT, the modulation of
Φbeff becomes more gradual and converges to a small value of 0.45 eV (SB NMOS) and 0.23
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eV (DSSB NMOS) for VGS > -1.0V in Figure 7.9 (a). From Figure 7.9 (b), Φbeff converges to
0.52 eV (SB NMOS) and 0.22 eV (DSSB NMOS) for VGS > -0.5V. Regardless of gate
doping species used, dopant segregation technique managed to achieve ~ 0.2 to 0.3 eV
reduction in Φbeff. The drop in Φbeff corresponds well with the increase in IDS observed in
Figure 7.6 (a).
The reduction in Φbeff can be attributed to the de-pinning of Fermi level through the
replacement of silicon atom at the MS interface with a foreign atom. The new
electronegativity difference between the metal silicide and the foreign atoms result in a
different dipole moment [7.1]. Besides changing the dipole moment, foreign atoms with
extra valence electron (Group V element) or lacking of a valence electron (Group III
element) can induce image charges on the metal side. Therefore, due to additional electrons,
Si surface becomes negatively charged when Si atoms are replaced by Group V atoms. At
the same time, positive charges on the metal side are formed and this leads to an electrostatic
field between the charge pair that tends to reduce Φbeff of electrons. The same is true for
Group III atoms whereby negative charges are induced in the metal side which helps in
lowering Φbeff of holes.
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7.5

Electrical Characteristics of GAA-VSiNW DSSB NMOS
with p – doped FUSI metal gate measured against GAAVSiNW DSSB NMOS with n – doped FUSI metal gate
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Figure 7.10 (a) IDS – VGS and (b) IDS – VDS electrical characteristics comparison of DSSB GAA-VSiNW
NMOS with n-doped FUSI metal gate and p-doped FUSI metal gate.

In this section, we will analyze the results of devices fabricated using the new
method and compare the same results with the devices fabricated using the original method.
Figure 7.10 depicts the output and transfer electrical characteristics of DSSB GAAVSiNW NMOS with (i) n-doped FUSI metal gate and (ii) p-doped FUSI metal gate. Clearly,
devices with p-doped FUSI gate exhibited a positive shift of ~ 1.5V as shown in Figure 7.10
(a). This coincides well with the shift in device VT from Figure 7.8 (c). Due to the increase in
VT, there is a corresponding decrease in the drive current at the same VGS. From Figure 7.10
(b), IDS of DSSB GAA-VSiNW NMOS with p-doped FUSI gate decreases by 200% from ~
1640 µA/µm to ~ 537 µA/µm at VGS = 1.2V and VDS = 1.9V. In addition, there is clear
presence of linear and saturation regions in the IDS - VDS measurements and there is no sublinear turn-on. This indicates that the channel pinch-off has been reached and Φbeff to
electrons is low.
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7.5.2 Device current characteristics, Short Channel Performance and
Effective Schottky Barrier Height
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Figure 7.11 (a) Drain current (IDS) of n-doped FUSI metal gate NMOS and p-doped FUSI metal gate
NMOS as a function of VSiNW diameter. Ion-Ioff characteristics of both device types are shown in Figure
7.10 (b).

Figure 7.11 (a) plots the extracted IDS of n-doped FUSI metal gate NMOS and pdoped FUSI metal gate as a function of different VSiNW diameter. It is clear that n-doped
FUSI metal gate NMOS exhibits higher IDS than p-doped FUSI metal gate NMOS across all
the measured VSiNW diameters. This observation is expected since the VT of p-doped FUSI
metal gate NMOS is higher than n-doped FUSI metal gate NMOS as shown in Figure 7.8 (c).
In addition, ΔIDS between VSiNW diameter increases with increasing VSiNW diameter.
Figure 7.11 (b) illustrates the Ion – Ioff electrical characteristic of NMOS with p-doped
FUSI metal gate compared against NMOS with n-doped FUSI metal gate as a benchmark. It
can be observed that the Ion values of NMOS with n-doped FUSI gate demonstrated a right
shift to higher values even at smaller VSiNW diameter. At 10 pA/µm, p-doped FUSI metal
gate NMOS attains Ion of ~ 700 µA/µm while its counterpart achieves Ion of ~ 1000 µA/µm.
This substantiates the findings in Figure 7.11 (a).
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Figure 7.12 (a) DIBL and (b) SS performance of NMOS with p-doped FUSI metal gate compared to
NMOS with n-doped FUSI metal gate as benchmark. Both SCE characteristics are plotted as a function
of VSiNW diameter.

In Figure 7.12, SCE performance is plotted as a function of VSiNW diameter.
Setting NMOS with n-doped FUSI metal gate as a benchmark, NMOS with p-doped FUSI
metal gate exhibits better performance in terms of both DIBL (Figure 7.12 (a)) and SS
(Figure 7.12 (b)) characteristics across all the measured VSiNW diameters. At VSiNW
diameter = 20nm, excellent SCE performance is achieved with DIBL ~ 3 mV/V and SS ~ 63
mV/decade. The SS values are better than reported in literature [7.2, 7.3].
Coupled with the alteration of Schottky barrier shape due to MS junction scaling
[7.4]., the dopant segregation technique further aids in Schottky barrier thinning. Thus, it is
not surprising that small VSiNW diameter is able attain such outstanding results.
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Figure 7.13 Effective SBH (Φbeff) comparison between NMOS with p-doped FUSI metal gate and
NMOS with n-doped FUSI metal gate (benchmark).

Figure 7.13 shows the extracted Φbeff of NMOS with p-doped FUSI metal gate
compared with NMOS n-doped FUSI metal gate as benchmark. Disparity in Φbeff is expected
since both devices have different VT value. Clearly, both devices demonstrated a rapid
decrease in Φbeff as VGS begins to rise and upon reaching VT, Φbeff modulation gradually
decreases and Φbeff eventually converges at 0.22 eV. This implies that the change in gate
doping species has no impact on Φbeff and the process is well controlled.

7.6

Chapter Summary
We have fabricated DSSB PMOSFET and NMOSFET using GAA-VSiNW

architecture. In the first part of this chapter, setting SB GAA-VSiNW PMOS as benchmark,
the electrical characteristics, SCE performance and VT tuning of DSSB GAA-VSiNW
PMOS are measured. It is found that DSSB GAA-VSiNW PMOS demonstrated a 39%
increase in IDS measured at VGS = -1.5 V and VDS = -2.7 V. In terms of Ion – Ioff characteristics,
at Ioff = 10 pA/µm, DSS GAA-VSiNW PMOS (1160 µA/µm) showed a 66% increase in Ion
with respect to SB GAA-VSiNW PMOS (700 µA/µm).
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Furthermore, DSSB GAA-VSiNW PMOS is able to achieve SS performance close to
ideal while DIBL shows consistently better performance than SB GAA-VSiNW PMOS. In
addition, VT fine-tuning is achieved through alteration of VSiNW diameter with smaller
VSiNW diameter giving more negative VT and larger VSiNW diameter giving more positive
VT. Moreover, minimal difference is discovered in the extracted VT values for both DSSB
and SB GAA-VSiNW PMOS devices.
In the second part of this chapter, using SB GAA-VSiNW NMOS as benchmark, we
have explored the electrical characteristics and SCE performance of DSSB GAA-VSiNW
NMOS. We discovered that, from electrical transfer characteristics, the drive current (IDS) of
DSSB GAA-VSiNW NMOS improves by only 12% at VGS = 1.2 V and VDS = 1.9 V but the
improvement is lower than DSSB GAA-VSiNW PMOS. At the same time, leakage current
(Ioff) is constant at 6.5 x 10-6 µA/µm for both DSSB and SB GAA-VSiNW NMOS. In terms
of DIBL and SS performance, DSSB GAA-VSiNW NMOS presented mixed results with
smaller VSiNW diameter providing better SCE performance but vice versa for larger
VSiNW diameter.
Furthermore, it is discovered that VSiNW diameter < 20nm, DSSB GAA-VSiNW
NMOS with p-doped FUSI gate is able to achieve the ideal VT range for LSTP application.
We have also demonstrated that Φbeff to electrons, regardless of gate doping species, reduces
by ~ 0.2 eV (from 0.45 eV to 0.22 eV) by integrating dopant segregation technique with SB
S/D.
In the last part of this chapter, we have investigated the impact of opposite gate
doping on the electrical and SCE performance of DSSB GAA-VSiNW NMOS. It is found
that, due to the increase in VT, DSSB GAA-VSiNW NMOS with p-doped FUSI gate showed
lower drive current than DSSB GAA-VSiNW NMOS with n-doped FUSI gate across all
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measured VSiNW diameters and ΔIDS increases with increasing VSiNW diameter. In terms
of SCE performance, NMOS with p-doped FUSI gate revealed improvements over NMOS
with n-doped FUSI gate. Lastly, Φbeff to electrons for both types of device converged to the
same value of 0.22 eV.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER RESEARCH

8.1

Conclusions
This work is dedicated to the study of VSiNW MOSFETs with a focus on junction

scaling and S/D engineering for advancing MOSFET technology. To achieve GAA-VSiNW
MOSFET, it is of great importance to research on the feasibility of fabricating VSiNW
infrastructure via conventional CMOS process methodology. This research project began
with detailed process steps to illustrate the fabrication procedure to achieve VSiNW
structure on bulk Si substrate. Furthermore, fabrication details of producing VSiNW
Schottky Barrier (SB) and Dopant Segregated SB (DSSB) VSiNW diodes are revealed.
Following that, discussion is focused on gate stack formation for GAA-VSiNW
MOSFETs and subsequently, fabrication steps to create SB and DSSB GAA-VSiNW
MOSFETs with tuned FUSI metal gate are discussed.
To investigate silicide intrusion into VSiNW and silicide surface morphology, nickel
was used to silicide VSiNW tip by using 2 different RTA methods, namely 1-step RTA at
4500C and 2-step RTA at 2750C followed by 4500C, to form SB and DSSB VSiNW diodes.
It is found that RTA temperature is a crucial factor in determining silicide intrusion length
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and silicide morphology whereby a 2-step RTA method produces shorter intrusion length
with a relatively flat silicide/silicon interface but a 1-step RTA method produces longer
intrusion length with a V-shaped silicide/silicon interface. The silicide formed using either
of the RTA methods is identified to be NiSi2. From our analysis, we found that SB and
DSSB VSiNW diodes fabricated using 1-step RTA produces higher reverse current and
lower forward current than 2-step RTA. Furthermore, VSiNW diodes fabricated using 2-step
RTA coupled with DS technique produces ideality factor, closer to ideal value, and lower
effective SBH (Φbeff) to electrons.
GAA-VSiNW MOSFET of various diameter with highly-doped S/D and poly-gate
were fabricated using ‘top-down’ CMOS compatible technology. PMOS devices exhibited
high Ion/Ioff ratio > 105 and high drive current ~ 400 µA/µm. Relatively large DIBL and SS
values are extracted but SCE performance improves with smaller VSiNW diameter.
Furthermore, fine-tuning of device VT can be achieved by altering VSiNW diameter. With
regards to NMOS devices, excellent electrical characteristics were observed with high Ion/Ioff
ratio > 108, DIBL value of 6 mV/V and SS value of 70 mV/decade. The SB GAA-VSiNW
NMOS is comparable to reported NMOSs with planar, GAA-VSiNW and lateral SiNW with
GAA architectures. VT tuning of NMOS is achieved by combining small VSiNW diameter
and opposite doped poly gate. Average positive VT shift of ~ 1V is extracted from devices
with various VSiNW diameter and largest VT shift (+1.5 V) occurs at VSiNW diameter =
23nm.
To achieve junction scaling and drive current enhancement, GAA-VSiNW MOSFET
with SB S/D is developed. SB PMOS with p-doped FUSI gate demonstrated high drive
current ~ 650 µA/µm with low leakage current ~ 10-6 µA/µm and outstanding SCE
characteristics with DIBL ~ 5mV/V and SS ~ 75mV/decade. A comparison of Ioff – Ion
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characteristics with the report in recent literature frames the results of the fabricated devices
in favorable terms even against planar counterparts. Varied VT values can be achieved
through VSiNW diameter adjustment. SB NMOS with n-doped FUSI gate exhibited drive
current ~ 1000 µA/µm with leakage current ~ 10-14 µA/µm. Good SCE performance with
DIBL ~ 29 mV/V and SS ~ 70 mV/decade. Enhanced tunneling current caused by small
metal junction size is the cause of high drive current. Coupled with small VSiNW diameter,
opposite doped (p-doped) FUSI gate is used to create positive shift in device VT to attain
Low Standby Power (LSTP) VT range. However, more positive VT value resulted in lower
drive current and SCE characteristics remains fairly similar between both gate types.
Extracted Φbeff to electrons is ~ 0.45 eV for n-doped FUSI gate and 0.51 eV for p-doped
FUSI gate.
To further enhance drive current of SB GAA-VSiNW MOSFETs, dopant
segregation is introduced into SB GAA-VSiNW MOSFETs. With segregated dopants,
DSSB PMOS devices exhibited 39% increase in drive current (~ 1500 µA/µm) and better
SCE characteristics than SB PMOS devices. In addition, the use of dopant segregation did
not have an adverse effect on the device VT. DSSB NMOS showed a lower 12% increase (~
1640 µA/µm) in drive current with aggravated SCE performance as compared to SB NMOS.
Similar to PMOS devices, segregated dopants at MS interface have no impact on device VT.
In terms of Φbeff to electrons, DSSB NMOS showed a reduction of ~ 0.2 eV in SBH.
Concurrently, DSSB GAA-VSiNW NMOS with p-doped FUSI gate is developed to attain
the desired VT for LSTP application. But the opposite doped FUSI gate caused a positive VT
shift and resulted in 200% decrease in drive current (~ 1640 µA/µm vs. ~ 537 µA/µm).
Apart from the low drive current, excellent DIBL ~ 3 mV/V and SS ~ 63 mV/decade is
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achieved and Φbeff to electrons did not suffer any adverse effect due to change in gate doing
species.

8.2

Recommendations for Further Research
Several areas of research related to vertical Si nanowire Schottky Barrier MOSFETs

can be studied to enhance the possibility of integration into the mainstream process in the
semiconductor industry. These include:
1)

Analysis of gate oxide charges, VSiNW defects and localized electron density
Additional electrical measurements using split C-V method, Kelvin probe force

microscopy (KPFM) and scanning tunneling spectroscopy (STS) to further investigate the
intrinsic properties of SB GAA-VSiNW and DSSB GAA-VSiNW MOSFETs. By using the
split C-V method, possible VSiNW defects and gate oxide charges can be measured and
analyzed. Mobility and ballistic efficiency in the SiNW channel can be calculated from the
C-V curves.
Furthermore, KPFM can be used to map out the work function variation of the NiSi
far away from the MS interface to region close to MS interface. This could help to
understand the composition and electronic state of the local structures at the MS interface,
especially for DSSB devices. In addition, STS technique is able to map out the localized
density of electrons at the MS interface and at the VSiNW sidewall. This allows us to
understand how the electron density varies between SB and DSSB devices.
However, the main challenge to implementing these techniques on VSiNW comes
from the VSiNW landscape. Instruments must be customized to accommodate to the SiNW
vertical sidewalls instead of the horizontal or planar planes in conventional SiNW and planar
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devices. Additional measurements would include reliability and failure analysis
measurements to determine VSiNW MOSFETs’ failure modes.

2)

Ab-initio simulation study of dopant interaction and diffusion at metal/Si interface
Dopant atoms interaction with Si defects such as self-interstitial and vacancy can be

studied using ab-initio simulation. Furthermore, detailed simulation, subject to simulation
fine-tuning, of various dopants before experiments to establish the efficiency of various
dopant segregation can be performed to reduce resource wastage. Ab-initio simulations can
also be used to investigate the dopant atom diffusion since the VSiNW is subjected to
various temperature-related processes during fabrication. In addition, simulations can
provide information about the random dopant fluctuation effect on VSiNW device
performance when small VSiNW diameter is used.

3)

SBH engineering using other elements or methods
Strain engineering, coupled with VSiNW architecture, can be viewed as a method to

lower Φbeff. To achieve global strain, strained capping nitride can be used through additional
of wafer processing steps. To attain localized tensile or compressive strain in S/D regions,
SiGe stressors through epitaxial growth can replace Si S/D. In addition, forming
germanosilicide on SiGe S/D would also result in lower Φbeff. Another method to obtain
localized strain in S/D is to implant Ge into PMOS and C into NMOS S/D before silicidation
to enhance electron mobility. Besides strain engineering, exotic elements, such as sulphur,
selenium and chlorine have been researched as dopant segregation species.
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4)

Dopant activation in Si nanowire
Dopant activation has been studied extensively in bulk Si substrate but little research

is done on nanowires. Compared to bulk Si substrate, Si nanowire has large surface to
volume ratio. This implies that surface states can have considerable effect on nanowire
performance. Therefore, it is of interest to look into the surface effects and to explore the
choices of dopants that are most beneficial to nanowire semiconductor devices.

5)

Enhancement of drain current performance of VSiNW transistors with opposite gate

doping type

It has been established from the current study that short channel effects can be
mitigated by having opposite gate doping type compared to channel doping. However, this
will increase the threshold voltage and reduce the drain current performance. Therefore, it
will be important to discover methods to improve the drain current to levels similar to stateof-the art MOSFETs.

6)

Integration of other metals with VSiNW structure to further improve device

performance and study of high frequency performance
The choice of metal for this study is Ni. However, there are other possibilities to
explore other rare earth metals such erbium, platinum and ytterbium to further improve the
device performance. Studies of high frequency performance can also be initiated to analyze
the effect of overlap capacitance between gate and source/drain due to the non-self-aligned
process.
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