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Nanowire trasistors (NWTSs) represent a potential alternative to Silicon FINFET technology
in the 5nm CMOS technology generation and beyond. Their gate length can be scalec
beyond the limitations of FINFET gate length scaling to maintain superistai#f leakage
current and performance thanks to better electrostatic control through the semiconductor
nanowire channels by ga#dl-around (GAA) architecture. Furthermore, it is possible to
stack nanowires to enhance the drive current per footprint. Based on theseratioegle
vertically-stacked lateral NWTs have been included in the latest edition of the International
Technology Roadmap for Semiconductors (ITRS) to allow for further performance
enhancement and gate pitch scaling, which are key criteria of merit foretheéCMOS
technology generation. However, electrostatic confinement and the transport behaviour in
these devices are more complex, especially in or beyond the 5nm CMOS technology

generation.

At the heart of this thesis is the modb@sed research of aggse®ly-scaled NWTSs suitable

for implementation in or beyond the 5nm CMOS technology generation, including their
physical and operational limitations and intrinsic parameter fluctuations. The Ensemble
Monte Carlo approach with Poiss&chrdodinger (PS) quaum corrections was adopted for

the purposef predictiveperformance evaluation of NWTs. The ratio of the major to the
minor ellipsoidal crossection axis (crossectional aspect ratioAR) has been identified

as a significant contributing factor in de® performance. Until now, semiconductor
industry players have carried out experimental research on NWTs with two different cross
sections: circular cylinder (or elliptical) NWTs and nanosheet (or nanoslab) NWTs. Each
version has its own benefits and dbmaeks; however, the key difference between these two
versions is the crossectional AR. Several critical design questions, including the optimal
NWT crosssectional aspect ratio, remain unanswered. To answer these questions, the AF
of a GAA NWT has beernvestigated in detail in this research maintaining the eross

sectional area constant. Signatures of isotropic charge distributions within Si NWTs were



observed, exhibiting the same attributes as the golden ratio (Phi), the significance of which

is well-known in the fields of art and architecture.

To address the gap in the existing literature, which largely explores NWT scaling using
singlechannel simulation, thorough simulations of multiple channels vertistdlgked
NWTs have been carried out with diféat crosssectional shapes and channel lengths.
Contact resistance, naquilibrium transport and quantum confinement effects have been
taken into account during the simulations in order to realistically access performance and

scalability.

Finally, the ndividual and combined effects of key statistical variability (SV) sources on
threshold voltagéVT), subthresholdlope (S, ON-current(lon) anddraininduced barrier
lowering(DIBL) have been simulated and discussed. The results indicate that thditxaria

of NWTs is impacted by device architecture and dimensions, with a significant reduction in
SV found in NWTs with optimal aspect ratios. Furthermore, a reduction in the variability of
the threshold voltage has been observed in vertistdigked NWTglue to the cancelling

out of variability in double and triple lateral channel NWTSs.
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Nomenclaturesand Acronyms

1D

2D

3D
CMOS
DD
DG
DIBL
EOT
FDUTB
FinFET
GAA
GSS
IC
ITRS
Ion

|off

Lg

Ls

N

R

Si

SiQ
SiNs
Tox

T

Tsi

Vbp

One dimension

Two dimensions

Three dimensions
Complementary Metal Oxide Semiconductor
Drift-Diffusion

Density Gradiet

Drain Induced Barrier Lowering
Equivalent Oxide Thickness
Fully DepletedUltra-ThinBody
Fin Field Effect Transistor
Gate All Around

Gold Standard Simulations
Integrated Circuit

International Technology Roathp for Semiconductors

On-current

Leakage current

Gate length

Spacer length

Doping concentration
Contact resistance
Silicon

Silicon dioxide

Silicon oxynitride

Gate dielectric thickness
Temperature

Silcon body thickness
Supply voltage

Drain voltage

Threshold voltage

Work function

Scaling factor

Electric field

Carrier mobility
Threshold voltage standard deviation
On-current standard deviation
DIBL standard deafiion

Line Edge Roughness
Monte Carlo



MGG
MOS
RDD
SCE
S/D
SS
SOl
TCAD

‘; N =+ N

NBC
n(0)

WKB

Xl

Metal Gate Granularity

Metal Oxide Semiconductor Field Effect Transistor
Random Dopant Discrete

Short Channel Effect

Source/Drain

Subthreshold Slope

Silicon on Insulator

Technology Computer Aided Design
Light speed

Wave length

frequency

potential

charge density

permittivity

hole

electrons

Current density

electron current density

electron mobility

electron diffusion coefficient
recombination rate

electron generation

Bolzmann transport equation
average momentum relaxation time
the effective mass

independent scattering mechanisms
electron p mobility

p hole mobility

diffusion coefficients

diffusion coefficients

.2t 0T YEyyQa O2yaidl yi
absolutetemperature

single electron charge.
relaxation time approximation
quantum correction
guantum correction force
fitting parameter

guastFermi level
PoissorSchrodinger
Neumann boundary conditions
electron density athie interface
penetration depth
WentzelKramersBrillouin
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successive over relaxation
biconjugate gradienstable

cut-off radius

perpendicular fieleddependent mobility
critical electric field

secondary fitting parameter
Gaussian autocorrelation function
real height function

standard deviation
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Chapter 1. Introduction 1

~N

# EAPBRIOOOT AOAOET 1

1.1 ResearchMotivation

Silicon Complementary MetaDxide Semiconductor (CMOS) technology and
corresponding Integrated Circuits (IC) have constantly improved in terms of functionality
and performance over many decades. Metal Oxide Semiconductor Field Effect Transistors
(MOSFET) is at the heart of CMOS techngtognd IC, with more than one billion
transistors integrated today on a single IC chip. Through the advancement in IC
manufacturing technology§ilicon chip manufacturers are able to deliver 7nm FinFET
CMOS technology generation with 19nm channel lengthststors this year. With the
reduction of gate length in the FINFET CMOS technology, it is necessary to shrink the fin
width in order to maintain electrostatic control and to deliver the required contact pitch
scaling. In order to maintain good electrastabntrol and to minimise the sharhannel
effects (SCE) simultaneously increasing the performance, the development of tall and

narrow fins has been crucial.

The current focus of the advanced CMOS technology development has been the introductiol
of 7nmFinFETs CMOS technology this year by the world leading foundry TSM|C[3].

Yet the FInFET size must be reduced further in order to continue s¢djinghe issue
involved reducinghe FINFET fin width while sustaining or even increasing the fin height,
however, is the mechanical fin integritthe increase in process variability and the
subsequent increase in the statistical variability of the transjS{oisis highly challenging

to control the channel geometry and shape when narrowing and elongating the fin for the
purpose of maximising drive current. Although the increase in &@iol and threshold
voltage (M) that arises during the scaling tbie fin width (Wrsin) leads to a reduction in
leakage current (), scaling of the Wh below 4nm results in a significantrVhcrease and

lon Saturation and even reduction. The redsothis is the growing contribution of quantum

confinement effect to the charge distribution, scattering and carrier transport, suggesting tha
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scaling below a specific gate length and channel eesson is challenging to achieve in

practice. This higlights the issues involved with the extreme scaling of FINFET transistors.

Silicon Nanowire Transistors (NWTs) represent a potential alternative to Si FINFET
technology, perhaps taking the lead compared with the exploration of other performance
improvemenm options investigating alternative channel mater@]s Here, the gate length

can be scaled beyond the minimum FinFET channel length scaling whilst managing to keer
the oftstate leakage minimal, due to the greater electrostatic control over semiconducting
narowire channels offered bie gateall-around (GAA) NWT architecture. Researchers
have confirmed the advantages of the GAA transistors when dealing withcbhartel
effects, highlighting GAA transistors as the most effective option for ultimate changéh|
scaling. In principle, the engineering and optimisation of GAA NTW transistors requires an
ideal balance between leakage current and device performance. In earlier rg§éefLth

it has been proven that NWT mobile charge and gate capacitance are significantly affectec
by the crossectional nanowire shape, with the greatest mobile charge per gate voltage
observed in a <110> chanrmiientation NWT with arelongated elliptical (shape) cress
section, and the longer diameter running parallel to the Si wafer surface. Additionally, it has
been shown that the device performance is significantly influenced by the-mmajmr
crosssectional axis ratio, or aspeetio (AR). Experimentally, NWTs are largely available
with a circular or elliptical shagé&0], [11] or as nanosheet/nanoslab EjEometires[12].
Thereare benefits and drawbacks to each of the above types, but thesertesal AR is

one of the main design features determining N\Vg@&rformance. At present, there is no
clear answer to the question of what the ideal esestional AR in NWTs is. Otherely

design issues including the use of multiple NWT channels, which also remains poorly
understood.

Given the above points, the current research is mainly focused on the simbéestézh
design optimisation of NWTs suitable for the 5nm Si CMOS technoleggrmation. This
includes optimisation of the NWTs cross section to achieve an optimal quantum mobile
charge to gate capacitance rdiif [9]. Here, the NWI3ismaagradr i n
through intrinsic delay (U). The simul at
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equilibrium transport and quantum confinement effects in order to achieve optimisation

based on realistic predictiieechnology Computer Aided DesighCAD) simulations.

The increase in the saturation curregt meeded for the 5nm CMOS node has been
thoroughly evaluated in the simulations in order to ensure that the performance improvemen
expected by the industry in this technology generation is attairlaliecent research the
adoption of a replacement metal gate (RMG) technique has proved effective in GAA
stackedNWTs. However, these devices, which are similar to RMG FIinFETs, come with
certain technical requirements. Research demonstrates that the 3€allyestacked
channels bring high drive current at the optimal layout footprint of GAA NWTs. Compared
to vertical NWTs, which are associated with more technological challdmgyéontal GAA

NW devices have the advantage that they can be manufactuheditwiarying the current
FInFET technology too much. Thereforeanysemiconductor manufacturers are at present
considering the use of GAA stack®WT architecture for extreme CMOS scaling.
Nanowire stacking may be necessary to improvefgaprint drive current. Given these
points, the last 2015 edition of the International Roadmap for Semiconductor (ITRS)
incorporates verticalbgtacked horizontal nanowire GAA transistors in order to bring the
contacted gate pitch down to less than 40nm by 2021. Thisdasof the major viable
approaches in terms of increasing the CMOS device density beyond the 7nm CMOS
technology. The current study therefore explores vertisaiigked NWTs in line with their
significance for future CMOS developments in the semiconduadoistry.

In order for the chipmaker to make the decision to implement a particular technology,
complex research is needed where predictive simulations play an extremely important role
The simulation and evaluation of the statistical variability intoediuby the discreteness of
charge and granularity of matter is key in the evaluation of future potential technologies.
The study of the statistical transistor parameter distributions requires 3D simulation of large
statistical samples of microscopicallyffdrent transistors. Metal gate granularity (MGG),

line edge roughness (LER) and random discrete dopants (RDD) are among the key source
of statistical variability and have been explored by many researchers. In the context of the
current study, the explaian of the statistical variability in stacked NWTs has been carried

out with the most advanced TCAD simulation tools available
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1.2 ResearchAim and Objectives

The current study aims to investigate the scaling of silicon NWT MOSFETSs taking into
consideratia quantum confinement effects, performance and statistical variability in
order to evaluate their applicability for the 5nm CMOS technology generation and

beyond. Therefore, the objectives of this research are:

1. To design a realistic, highiscaled Si NWT n line with new generations of
technological advancement and requirements. This entails

1 Designing the device structure according to the ITRS criteria, and following up
research results;

1 Exploring the ways in which NWT gate capacitance, transport charge,
subthreshold slope (SS) and dramduced barrier lowering (DIBL) are impacted
by the crossectional nanowire shape
Identifying the ideal crossectional shape and cressctional AR;

Applying the ITRS criteria and ujo-date research findings in orderdptimise
nanowire configuration

1 Thoroughly investigating quantum confinement effects in <®&MWMOS

technology compatible NWTs with different cressctions

2. Performing PoissdrSchrodinger (PS) and density gradient (DG) based quantum
corrections in orderot determine the suitability of the DG approach to NWT

design and simulation.

3. To utilise the experimental design for predictive understanding of the impact of
source/drain doping, spacer and gate lengths and-ofézidetween oh, lof,

DIBL and SS in ordr to optimise nanowire configuration.

4. To determine: a) whether a strained singt@annel silicon NWT can be used to
achieve the 5nm technology node performance target; and b) the number of
lateral channels required in a single device if more than on@ehiameeded to

achieve the performance target.
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5.

7.

8.

To address the gap in the existing literature, which explores scaling using only
singlechannel NWT simulation, through the simulation of NWTs with
numerous lateral channels and channel esestions and lgths. Contact
resistance, neerquilibrium transport and quantum confinement effects are taken
into account during the simulation in order to achieve predictable simulations

and realistic conclusions.

To carry out a study of the NWT statistical varialilitsing 3D simulation of
large statistical samples employing the key statistical variability sources (e.g.,
RDD, LER, MGG).

To analyse the effects of statistical variability on threshold voltagervcurrent
lon, and DIBL.

To compare the performance oértically-stacked NWTs to that of single

channel NWTs with the incorporation of sources of statistical variability

1.3 Thesis Qutline

This chapter has presented an introduction to the research topic, highlighting the significance

of NWT s

caling to future evelopments within the industry. The chapter began with a

discussion of the motivation for the research, with the research aim and objectives outlinec

thereafter.

Chapter 2 presents a review of the existing research and current issues associated wi

MOSFET scaling and shoithannel effects. This chapter also discusses the physics behind

the topic along with the scaling theory. It introduces ngdtie MOSFET architectures,

including FINFET and GAA NWTs. The key variability sources are then discosdigdng

their effects on the performance of devices and circuits.
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The research methodology is presented in Chapter 3, with a discussion of the main
simulation approaches and tools, and the physical mechanisms relevant to the exploratiol
of multi-gate CMOS deces, used in this research. This section specifically evaluates the
drift-diffusion (DD) and Monte Carlo (MC) models, outlining their advantages and
limitations in terms of studying quantum mechanical effects aneegaiibrium transport

in nanescaleddevices. The reasons behind the adoption of a calibrateldd38d quantum

corrected 3D Monte Carlo method are then explained.

Chapter 4 begins with a description of the NWT design adopted in this study, along with a
discussion of key design consideratisnsh as the main NWT structure design parameters,
the structure editor and the doping profiles used. Following this, the design specifics for the
5nm CMOS compatible NWT are then outlined, with the simulation methodology and
density gradient calibrationsd being discussed. The chapter ends with an exploration of
the impact of quantum confinement on the electrostatic integrity (e.g., SS and DIBL) of the
nanowire based on an analysis of quantum confinement effects on channel gate capacitanc

and transportttarge. The optimal crosectional AR is then investigated.

There are four sections presented in Chapter 5. In the first sectieaguooibbrium transport

in single monechannel NWT simulation is addressed. In the second section;lataltl
channel 5m CMOS compatible NWT simulation is explored, with contact resistance, non
equilibrium transport and quantum confinement effects being considered in the 3D MC
simulation model. The remainder of the chapter then focuses specifically on two questions,
in relation to the research objectives. The first question is whether the semiconductor
industry target can be met in higkdgaled 5nm CMOS technology compliant singiennel

silicon NWTs. The second question addresses the alternative if the target canreit be m
using singlechannel NWTs, i.e. elaborating how many lateral channels are needed within a

single NWT to achieve this target.

The introduction of variability sources in the BMased simulator is then presented in
Chapter 6, with an outline of the appcbas used for this purpose. Here, calibration of the
DD model is achieved with the MC and Poissehrodinger approaches. This allows for

the exploration of the impact of the key sources of variability on NWTs. The simulation of
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thousands of devices witmdom discrete dopants (RDD), metal gate granularity (MGG)

and line edge roughness (LER) is then discussed, with the results presented and analysed

Chapter 7 is the final chapter of this dissertation. This chapter reviews the general findings
and conclsions from the research presented in the thesis. It also provides directions for

further research in the vibrant area of NWT simulations
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2.1

# EADPCBGAOAAECOI O A

Introduction:

Over the last fifty years, silicebased microelectronics has traorsfied our lives. The
requirement for improved computing technology at lower costs has driven unrelenting
CMOS scaling. The development of integrated circuits towards the end of the 1950s first
revealed the potential for employing transistors in practieaigry type of electronic circuit

[14]. The first MOS transistor was patented in 1928 by Lilienfeld [16]. Subsequently,
productionof the first metaloxide semiconductor fieldffect transistor (MOSFET) in 1960

by Kahng and Atalla permitted the ceafective integration of multiple transistors with
interconnects on a single silicon cHip4], [17]. This was followed in 1965 with the
postul ation of Mooreds Law. Gordon Moor ¢
number of components in integrated cirsuiid increased by a factor of approximately two
per yeal18] and predicted that this trend would continue in the future. Still standing strong
half a century | ater, Moorebs Law hthass he
faced over the decades. Industry response has been to attempt to reach the predicted tare
set by Moorebdbs Law, for fear that this t
Mooredbs Law with regard to t bsersindepudedin o f
Figure2-1, whilst Figure2-2 depict Moorés Law with respect to the number of transistors

[199and the processor area for [18Jt[A]l 6s mi c

A modern microprocessor contains a few I
slowed down by doubling the numbartransistors on the chip every three years instead of
the originaltwoyearb ecause the scaling of the tran
challenging22]. Transistor scaling has a number of benefits over and above increasing the
onchip transstor density{23]. For example, the delay of the logic gates is reduced and the
operating frequency of the transistors is increased by a factor pfwlliere Lg = transistor

gate length) which permits faster circuit openatiBor an equivalent degree of functionality,

the chip area is reduced by a factor of gRland this permits an increased number of dies
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to be produced on a single wafer thereby reducing production costs. In addition, as the die
size is smaller, the qu#ty of defects per die is also reduced, resulting in an increased
manufacturing yield and productivi[24]. The active switching power per area stays steady,
with technology sdang permitting the circuits to operate at reduced power or permitting the
circuits to have greater functionality at fixed power. Whilst planar bulk silicon MOSFETSs
have remained the backbone of the semiconductor industry in attaining constant sealing, th
bulk planar FET struggles to deliver scaling benefits beyond the 32/28nm CMOS technology
generatior{25].

From the early 1990s the semiconductor industry and acadeewie worked together to
forecast the industryds future. These e
organisation- the International Technology Roadmap for Semiconductors (ITR&)

which remained in existence ur?D15. The ITRS used to producedninual reports which
contained predictions, recommendations and guidelines for the semiconductor industry. The
ITRS reports outlined the advancements of the technology, design tools, equipment anc
metrology tools thateed to be developed in order to maintain the exponential evolution of
the semiconductor chips needed to sustai

The backbone technology of the semiconductor industry is silicon Complementary Metal
Oxide Semiconductor (CMOS) technology, witle fandamental unit of CMOS chips being

the MOS Field Effect Transistor, the MOSFET. In order to keep up with the frenetic
devel opment speed prescribed by Mooreds I
by 70%, initially every two years, and sinde beginning of this century every three years
the transistor and the chip areas have been reduced by 50% in every new technolog
generation. The suimicron dimension milestone was passed in the first half of the 1980s,
and this year (2018) regular mgssduction of the 7nm FInFET CMOS technology will be

in place with transistors with a 19nm gate length

Although initially integrated circuits and the corresponding transistors were being
manufactured on Abul ko si |l i casnalised that magor by
performance enhancements could be achieved by introducing a novel type of substrate

known as SilicorOn-Insulator (SOI) substrate. Here, transistors are produced in a thin
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silicon layer located on the top of a silicon dioxide lagdI technology offers performance
enhancements in both circuit speed and power reduction. At the beginning of the 2000s
IBM commenced production of microprocessors utilising SOI substrates on an industrial

scale. These SOI devices provided benefitedficed parasitic capacitances and enhanced
the drive current.

LI L S S T T T T L

104 | —e— Transistors o 1

log, (transistor count)
1)

1976 1980 1984 1988 1992 1996 2000 2004 2008 2012 2016
Date of Introduction

Figure 2-1 Mooreds Law with regard to count of transistasd year of introductions
[19].
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Figure 2-2 Moorets Law with regard to the number of transistors of transistors i@t
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2.2 Bulk MOS transistor scaling

A number of technical challenges rendered Si bulk MOS transistor scaling impossible in the
technology generation of below 22/2fnh. In a long channel, bulk MOEFT s 6 t r ans
operation can be described using the gradual channel approximation treating the lateral an
vertical components of the electrical field in the 2D transistor cross section separately: (1) a
gatecontrolled vertical electric field is respohk for the charge formation in the channel,

and (2) a draircontrolled lateral field governs the charge transf@it. In long channel
MOSFETSs the threshold voltager \6 independent of the drain voltage. The application of
the gate voltage reduces a potential barrier between the source and the drain at the interfas
between the silicon and the gate insulatat parmits electrons to flow from the source to

the drain. During normal transistor operation, basic thermionic emission limits the
subthreshold slope (SS) to a minimum of 60 mV/decade at 300K. Degr&tlelk@trostatic
integrity at short gate lengths ieases the SS above 60 mV/decade resulting in increased
off-state leakage current at identical values ef M practice, the potential barrier at the
source is regulated by the gate, in addition to the drain via their respective capacitive
coupling to thecharge in the channgR8]. Reducing gate length, the drain influence
increases. Consequently, it becomes more difficult for the gate to regulate the channel
barrier and turn off the channel. TheD2short channel effects (SCE) have multiple
manifestations. First, they result in a reduction of the threshold voltage with tieioad

of the gate length (Vroll-off). Secondly the Vis reduced with the increase in the drain
voltage (which is also termed 6édrain ind
Thirdly the SCEs degrade the subthreshold swing. Taken togetheth@iSCE, they result

in an increase of offtate static leakage power.

MOSFET design requires careful offsetting between drive current, short channel effects anc
power consumption. The estate current gh) of a MOSFET can be approximated by

O wl W wd w W W (2-1)
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where W repr esent wsreptededs tideshold vokagesQemresehts the  V
inversion charg density at the maximum potential barrier near the sourcé eeptesents
the velocity close to the source region (injection velocity) which is dependent on the drain

bias \Wbp. The power consumption (PC) can be estimated by

0 OWwe O EEAQITYO GO QD QI (2-2)
OWE OO Q] ® o (2-3)

Yo o QBQiG O Opm (2-4)

where U i s t hoperating fraquency, gnd SSiistheaimzshold slope ek
represents the total leakage current from gate, the junctionseabdribto-band tunnelling,
and k is the drain current at1V In order to maintain low power consumption, lowepV
and leakage current, highef ¥nd a steeper SS is required according to equatiedsui@
2-4). On the other hand, large gate capacitatme Vr and high injection velocity are

required to attain high performance in terms of saturation current.

To date, device engineers have tried to reduce SCE in short gate length devices using sever
techniques. The first technique is by minimising ¢iage oxide thickness to enhance gate
control over the channel. The second technique is by reducing the source/drain junctior
depth (particularly close to the gate edge, where the source/drain areas are known a
6extensionsd) i n ocoapkng the nobilendharge mithe ehanhehamd d
its impact on the source barrier height. The third technique is by raising the degree of channe
doping to restrain the electric field lines which commence from the saacbgropagate
towards thedrainand cadoling the depletion and the inversion charge under the gate. In
contemporary bulk MOSFETS, bespoke channel doping is achieved by utilising complex
vertical and horizontal profiles in order to reduce the SCE. The creation of complex high
doping profilesm the channel incurs extra costs and also leads to a reduction in the transistot

performance (speed) together with an increased static leakage current due to enhanced bar
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to-band tunnelling and gate induced drain leakage (GIDL). When the gate oxide become
2nm thick, quantum mechanical tunnelling leads to an increase in the gate leakage current
For oxides thinner than 2nm, the dirtghnelling gate leakage current sharply increases
(~3X for each 1 Areduction in oxide thickness). This gate leakage as®e the standby
power consumption and in addition can interfere with proper logic gate operation. As a
consequence, most foundries now have replaced the conventional silicon dioxigeaéSiO

a gate dielectric with high permittivity (higik) gate dielectcs [29], predominantly hafnia
(HfO>). This results in high gate capacitance with physically thick insulators wiyhawer
probability of tunnelling. Nevertheless, the introduction of such new materials is not without
challenges and achieving the desired results with no associated losses in mobility anc

reliability is currently a field of intensive further research.

Ancther challenge is the resistance of the source/drain regions. For example, when the
source/drain junction depths are reduced to control SCE, there is a need to increase dopir
levels in order to maintain constant sheet resistance. The upper limit fatithseaubility

of dopants is around 3cm' 2 depending on the dopant space. Consequently, the reductions
in junction depth lead to raised series resistance reducing the performance of the transisto
Simultaneously, from a technological perspective, the formation ofsh@how junctions

which does not diffuse deeper following doping activation annealing, required to achieve
low resistivity [28], [30] becomes difficult. With increasing doping density in the channel
for SCE suppression, the carrier mobility igeled as a consequence of increased ionized
impurity scattering. Furthermore, the subthreshold slope deteriorates as a consequence
increased depletion capacitance which impedes the control of the surface potential by the
gate voltage. Due to very higthannel doping close to the source/drain extensions, an
additional static leakage mechanism, bémtiand tunnelling (BTBT), becomes significant.
Lastly, with reducing channel volume in extremely scaled transistors, the stochastic

positioning of discretdopant atoms leads to random indewvice variations.

The requirement to increase drive currents with transistor scaling and to reduce the supply
voltage is associated with an exponential increase in the statstatdf leakage of the
transistor. Althogh the active power density of the chip has grown steadily with the gate

length scaling, the static power density has increased much more rapidly. The active powe
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is a consequence of the dissipative current flow through the complementary CMOS
transistor pirs during logic switching. The stthreshold, static or standby power is
dissipated even when the integrated circuit is inactive. The subthreshold leakage was the
major leakage mechanisifor long channel transistors. For contemporary recaded bulk
MOSFETs BTBT, GIDL and gate leakage dominate the static power dissipation. Whilst
static power dissipation was a relatively minor issue a few decades ago, in the latest 28nn
and 20nm bulk technology generations it compares in magnitude to the active power.
Control and suppression of static powerdnee a major issue for continued gate length
scalingin bulk CMOS technology marking eventually its end. The needed higher channel
doping and halo implant required to regulate SCE also increases the source/brdin to

parasitic capacitances sl owing the speed

Due to the deficiencies in performance, insufficient control of the CER and exploding power
consumption, traditional bulk MOSFETSs reached the end of their scalingafud life with

the 20nm bulk CMOS technology which has been introduced into production by only one
foundry: TSMC. New device architectgraiming to replace the conventional bulk CMOS

in combination with a new channel and gate stack materials have baang dr

semiconductor research over the past two decf@iHds[32].

(a)

AN
- PD

Buried oxide

‘ p-type substrate ‘ p-type substrate

Figure 2-3 Typical PDSOI (a) and(b) FDSOI structurgs
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2.3 SOl MOSFETs

The first alternative to the bulk MOSFET adopted commercially is the SOI transistor. As
depicted inFigure2-3, two types of SOI transistors exist: partially depleted (PD) and fully
depleted (FD). In the PD SMOSFETS, a stratum of insulating Si@lvides the top device
containing layer from the bulk Si underneath. The PD MOSFET has a similar design and
similar dimensions to a bulk MOSFHZ8]. When in the OFF state, the depletion depth
beneath the gate is below the depth of the top silicon [83&rThe PD MOSFET delivers
reduced parasitic Source/Drain capacitance imaerter circuit, reducing the propagation
delay and increasing switching speeds. The potential of the floating body is controlled
dynamically by capacitive coupling of the range of electrodes associated with this layer.
Therefore, a floating charge camilol up in this area, leading to modification of the floating
body charge and the historical effects of transistor charactel34}i§39] . Such floating

body voltage can alter the threshold voltage of the device, potentially resulting in serious

discrepancies between two identical transis{d@]i [42].

PD MOSFET techniques have been successfully applied to high volume production,
although this encountethe same challenges associated with scaling as the bulk MOSFET
and therefore this is not a scalable technology with atemnyg future[43].

A further issue with SOI transistors is skHating[44], [45]. In SOI circuits, the active
transistors are positioned on top of a thermally insulating layer of silicon oxide. When the
circuit is in operation, the power generated in the active region cannosibedessipated
through the silicon substrat€onsequently, the temperature of the silicon body increases

resulting in a reduction in mobility and in drive current.

In the fully Depleted (FDSOI) MOSFET the top silicon film is thinned down to such an
exten that it becomes entirely depleted in the OFF g&#eFigure2-3). Elimination of the
partially depleted region in the FDSOI MOSFET enables suppression of the floating body
effects. The reduction of the silicon film thicknesdso allows better control of the short
channel effects and therefore tolerates a reduction in the channel doping densities. Ir

addition, the vertical electric field is reduced for the same channel carrier concentration.
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Therefore, the inversion layer mibty is enhanced without detrimentally affecting the OFF
state current. Hence, by increasing the buried oxide thickness, optimal subthreshold slope
of 60 mV/decade can be attained. However, this also increases the drain control on the
sourcechannel bater via the buried oxide. Employment of a thin buried oxide can
overcome this problem through the termination of the drain field lines on the back substrate,
but at the cost of a degraded gbbkeshold slop§34], [46]i [50].

2.4 Multi -Gate MOSFETs

The channel gate control is improved by the structural positioning of the gate close to the
channel. Improved gate control malgo be achieved by utilising more gates. Mgéte
MOSFETSs can be considered an extension of the-fldpleted SOl MOSFETS, but with a
greater number of gates around the thin silicon body. Malie MOSFETSs provide greater

electrostatic control of thi@version channgbl].

The improved electroatic control in the multgate MOSFET minimises the detrimental
short channel effects (SCE) and improves the scalability of qgatlé FETs compared to
planar bulk MOSFETs. To achieve this, planar dogaiee [52], fully Depleted Lean
channel Transistor (DELTAPR3], vertical doublegate (FinFET]54]i [56], omegashaped
g at eatd)[9y], [58], -RET[59], and GatéAll-Around (GAA) nanowird59]i [63] have

been proposed by researchers over the last fifteen years.

The doublegate MOSFET has a symmetrical device structure where the channel is

controlled by a gate on either side of the Si layer. Better gate control allows further reduction
of the Si film thickness for a similar gate length compared witi5ED at an identical OFF

state current. Appropriate device design enables volume invéngiomthin Si film, where

the majority of the inversion charge resides at the Si film centre, and the vertical field results
in greatly enhanced mobility. Due to better electrostatic integrity delivered by the two gates,
the channel length can be redddarther, compared with FDSOI.
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There are three techniques to fabricate a degale transistor. The first possibility is
structuring the device laterally with two opposing single gates on the top and on the bottom
as shown irFigure2-4 (a). The second possibility is to structure the device perpendicularly
to the Si substrate with the current flowing perpendicular to the Si surface as sHagurén

2-4 (c). The third way is to structure the deweith the channel and gaterticallyto the Si
surface but with the current flowing parallel to the surface, as shotigume2-4 (b). The

third structure is identical with the FINFET concé]. Improved structures likéhe tri

gate MOSFET e been employed to improve the electrostatic control of the gate permitting
additional gate length reduction. Section 2.5 gives a brief ovenfiivescaling theory and

how multigatesimprove the SCE.

Current

Source direction
S

Figure 2-4 Double gate FET transistor structure to improverformance whilst
reducing bt (@) double gate FET withchannel in the plane of the wafertiihe
first gate over it and the second
surface with one gate on each side (b) and (c). Two structdréseovertical
channel havehe current direction paralleto theFinFET (b), or parallel to the
wafer surface (c)[d].
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2.5 Scaling Theory of MOSFET

SOI-MOSFET scaling behaviour and electrostatics is controlled by the channel surface
potential which leads to the injection of carriers from the source to the drain terminal. The
distribution of the electra potential in the channel oh&D-SOFMOSFET isgiven by the

solution of the Poisson's equatiortle depletion approximatiof65], [66].

Qr iy Qf dui Qo no (25)
Qm Q® Qa -

Which @an be rewritten a$6]:

QOcftht QOaahhy QO | (2-6)
Qo Q0 Qa  °
This form of the equation indicates that, at arbitraryy(z ) poi nt i n t he ¢

the total change othe electrial field components remains equivalent to a constant C.
Therefore, if any one of the components of the electric field increases, the sum of the othe!
two must decrease. Thecwmponent of the electric field {Eepresents the encroachment

of the drain electric field on the channel region, and thereby is responsible for the short
channel effects. The impact of Bn a potential barrier near the source positioned at
coordinates (x, y, z) can be minimised either by lengthening the channeljrarégsing

the electric fieldnsertedby the top/bottom gates, alottge directiony, or the lateral gates
alongthe directionz of the channel. This can be achieved by minimising the silicon film

. . . . hh h R
thickness, and/or the fin thickness. Furthermore, amrase of ; hh and,

therefore, an improved regulation of the channel by the gates and lesshsimorel effects,

may also be attained by raising the number of g&tes:i which can be achievdaly

the existence of a top and bottom gate instead of merely a single gate,—wi{'-hl further

raised by the existence of a lateral Ja&j[65].
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Poi ssonbs equation can be used to obtain

closa form parabolic expression proposed by Yo[61d:

[ O 00 OO (2-7)

where x and y represent directions along and perpendicular to the direction of current
respectivel y. T § r the varietyaot chanmelogecenetties, adn beg y
represented by the 1DwriRembsimptyasn0s equati on

QA © [ o T r n"vo (2-8)
Qw -

wherse o, J ., sNepreserthedate and builtin potentials, mobile and channel
doping densities and channel permittivity electric field. Tfeoder differential equation

(2-8) has a solution expssed in an exponential form:

r e Q" (2-9)

wher e @& r e pcalledsnatural Isngth (orescregrong length), i.e. the length scaling
the channel potential variation. The natdeaigth depends on the device geometry. The
analytical solutions for single gdie7], [68], double gate, and ga#dl-around structures are
expressed by equatio(&10), (2-11) and(2-12), respectively51]:

(2-10)
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i - (2-11)
= - p - o 00
; (2-12)
~ co
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The purpose of scaling is to achieve optimum performance from each MOSFET generation
in order to maxinmge the ON currentoh minimising the shorthannel effectshe drain
induced barrier lowering (DIBL), and the aftirrent. Preserving the electrostantegrity

has allowed scaling to progress by reducing gate length, gate width, oxide thickness anc
improving the drain current. The constraints limiting the scaling include thermodynamic
constraints restricting active doping concentration in source aing grgysical constraints
dueto SCE, tunnelling through gate oxide, baweband tunnelling and GIDL,; statistical
constraints which are associated with transistor parameter fluctuation due to discreteness ¢
charge and matter; and economic constraintscaged with the manufacturing costs per

transistor.

The limits of conventional bulk MOSFET scalimgludingdimensions and voltage scaling
have been reached at the 28/20nm bulk CMOS technology generations. Researchers ar
manufacturerare now focused oovercoming the scaling limitations and extendimglife

of Mooreds | aw. T h e ingenovel charma maaridisifeaiig higho r
mobility and potential for higher performance including strained Si, Si/SiG¥ Il
heterostructures. THeFF-state gate leakage has been minimised by the introduction new
gate stacks with higK dielectric, such as Hf©and new gate materials, including metal
gates, and fully silicide gate. A second avenue to overcome scaling limitations involves the

developmenof novel device architecture, to include SOI, double gate, trigate, and gate all
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around GAA transistors enhancing the electrostatic integrity and also relaxing the limit of

the oxide scaling.

2.6 FINFETs

The fully depleted double gate SOI structure (or dEET) was initially experimentally
suggested by Hisamagd. al in 1989[69]. Chenming Hu ahhis team reported the idea of
FINFET in 1999 and UTESOI (FD SOI) in 200070]. The fundamental concept underlying
both innovations is &ery thin body (approximately 10nm or less), enabling the gate to be
coupled strongly to the channel with no leakage pagjneat distancom the gate. As a
result,the gate is able to control the leakage curmnenth betterFinFETs possess include
the formation of a vertical channel known @ Fin, so the channel width of a FInFET is
defined intermsofi n hei ght resulting in channel (
multiple fins). Therefore, the current in the FINFETs can be increasedrbgsimg thdin
numbers retaining the improved gate control over the channel chiarbeight determines

the structural stability of the FInFET: the smaller Eineheight the more stable the structure

is.

FINFETs can be fabricated on bulk silicon wafetgere all fins share a common silicon
substrate. In this case shallow trench insolationpaimththroughdoping are used to isolate
the individual fins. In the case of SOI FINFETSs the fins are naturally isolated by the buried

oxide layerFigure2-5 schematicall}compares bulk and SOI FInFETSs.

The first generation of mulgate transistors with thresded gate control has been
manufactured by Intel at their 22nm node with 90nm fin pitch and 34nneifjhtheatuing

a 3%geneation highk metalgate technology and a"Sgeneration of channel strain
techniques. The lower threshold voltage combined with the strain enhan¢eweletaid to

a 13% and 27% increase i@matin N and P channel FINFETs respectively at 0.8V and
10nA/umleakage current comparedth the 28nm CMOS technolody1l], [72].
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The fin widththeight ratio determines the robustne$she FINFET structure. In der to

create more robust device, the fin Si has been etched with multiple angles to construct the
first FINFET generation shown éiigure2-6 Thenonrectangular fin structure leadsrion

uniform mobile charges distribution and somewhat compromises the device performance.
The height and angle of the fin of the first generakom-ET have been considered as two

of the most important paraters in fabrication optimizing proces4&8]. However, the

fabrication of the fin leads to significant challenges wetspect taate length scaling.

Drain

N

Drain

Source Source

Gate é

Silicon substrate

Gate

Buried oxide

Silicon substrate

Figure 2-5 Threedimensional schematic representation for the SOI |
bulk FINFET.

The 29 generation of FiINFET in the 14 nnMDS node of Intel reduceithe fin pitch and
gate pitch by 0.7 (42nm, 70nm respectively). Thgitprovement is 15% for NMOS and
41% for PMOS compared to the Intel 22nm technolpy. The height of fin has been
increased from 34nm to 42nTy].

The possibility of improving the performanoéthe 29 generation FinFET is reported in
[75] which recordsthe first 14nm strained Ge-é¢hannel FIinFETs offering higher
performance Rhannel transistors while sharing the same technology platform. This PMOS
FINFET with 45nm and 100nm fin and ggigches respectively offersak1l.2mA/um.
However, replacing the Si with high mobility materials is not without challef®f§sThe

first challenge is the traeeff between the transistor performance and the OFF state current.

Secondly the scalability should be economicafjordableand ceintegration with Si
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transistors will be necessary, therefore these materials ndeitdegrated on a Silicon
platform. The mismatch between Si and Ge is approximately 4%, and {for il
approximately 12% in the case of InAshereforeachieving active semiconductors layers
with significant low defectivity is one of the important cenas. Finally finding a native
gate stack with higtk dielectric and low interface defects could be something of a-show

stoppe77].

fin height (h)
fin width (w)

Sy

Insulator

Figure 2-6 Threedimensional schematic representation for the SOI FinFEAE.
fin diverges fromthe vertical by 8[7 3.

Since finrwidth scaling below 8nm is criticfl4], Zhenget. al proposed the insertexkide
FINFET (also called iFinFET) to facilitate gdength scaling below 10 nm whimitigating

the need to form verltigh fin aspectratio (>10:1height: width fin [78]. Since the benefits

of the IFINFET stem from the improved capacitance coupling between the gate and the
segmented channel regions, it is beneficial to considerkhimtide materials like Hf@or
Si3Nsas inserted iIFINFET dielectrics. The drawback of inserting highneaterial to form
IFINFET is the higher capacitance between the channel, drain, and sourceesid, the

channel regionkavecompromised electrostatic integrity.

Scallopshapé FIinFETs (SFINnFETS) are another structural modification merging the
advantages ofhe conventional Si GAA NWT and FinFET. The proposedri®&FETS
demonstratesuperiorelectrostatic integrity in the channels companegth classicbulk-Si

FINFETSs or trigate FETs due tothe configurationof quasisurrounding gate electrodes on
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scalloping fins by a specific Si efalg process. SFInNFETs could extend general FINFET
technology into the sutbO-nm nodg79]. Although, SFINFETs improve the draimduced
barrier lowering and subthreshold swittggydo notyield a significant improvement to the

drain satwation current lgsat

The contact all around CAA-FInFET structure has been proposed for 10nm CMOS. It has
better device performance including immunitym SCEs bulk stressor selectivity, lower
source/drain resistance and is very effective in samssstance reduction. However,
controlling process variability of such strictures is challenging for 10nm CMOS technology
and beyond80].

The 10nm Intel ®OS technology featurei the 3¢ generation of FINFET and thd"7
generation of strained silicon. The 10nm FIinFET technolegyures rectangulainm x

46nm fin shape. An important innovation of the 10 RMFET technology is the low
dielectric constanof the spacers that leads to approximatety0% reduction in parasitic
capacitances. The reduction of the contact resistance together with the reduction of the gat

pitch provides boost to the saturation curi(éb{.

Scaling down the fin width beyond 7nm is expected to improve the gate cofitidé et

al. [81] presented an experimensalidyandasimulation study of the impact of the ultimate

fin width scaling up to 1.6 nm on the FinFET performance. The results show improvement
in DIBL and SS due to better gate control. However, the DIBL and SS decrease with fin
width until it reaches a critical point (Viildnm). When fin width becomes less than 4nm the
DIBL and the SSleteriorateslue to punctthrough in the region below the fin. The FiInFET
performane (lov/loff) retreaédwhen the fin width becomes less than 5nm as showigirre

2-7.
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NFET

Fin width (nm)

50 60 70 80 90 100 110
Performance (%)

Figure 2-7 Impact of fin width on FinFETo¥lo performance. TCAD simulations have be
shown that DIBL, SS, and gate length)(L ar e opti mi sed at Wchas
been selected as reference point refer to (100% performance). Here, perforradhedsl
improved as the fin width is scaled up to 5.5nm but deteriorates swiftly with fin \&idith [
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2.7 Nanowire transistor (NWT)

The relentless pursuif high-performance and loysower transistors with ever increasing
integration density has driven CMOS technology to the ultimate nanoscale dimensions.
Table 2-1 highlights the relations between Si thickness for a given gate length (Lg) with
acceptable electrostatic integrity for a range of structures including planathirtizody

SOI, doublegate FInFET, trigateFET and gatall around nanowire transistors.

Table2-1 The asociation between Si thickness for a given gate length (Lg
acceptable electrostatics for a range of Si MOSFET structures

Structure Silicon thickens
planar ultrathin-body SOI gP 0
double-gate FinFET e S50
Trigate FEFInFET e 0
gate-all around nanowire FET c¢O

Multi-gate MOSFET have superior electrostatic integrity compavitd conventional
planar bulk MOSFES providing a way forward for extended transistor scaling delivering
higher performance, lower supply voltage and reduced threshold voltageiability due

to tolerance to low channel doping. Amongst all mgétte CMOS transistors, the silicon
nanowire transistor (NWT) provides the route to ultimate CMOS scaling based on its
superior electrostatic integrityrhese silicon-basedNWTs, have anadditional benef -
silicon was andhasremairedthe workhorse of the semiconductodustry ovemore than

forty yearslt is, thereforea very attractive candidate for extending the CMOS scaling at or
beyondthe 5 nm CMOS technology. The gatié-around (GAA) structureffers optimum
capacitive coupling between the gate and the channel allowing the scaling to channel length
that are unattainable for the alternative single and mciftannel transistor architectures
[66].
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Nanowire transistors (NWT) could beaster than traditional bulk, SOI and FinFET
transistors and could be scaledsmaller channel lengths. NWTs are in an active stage of
resarch anddevelopmenby semiconductomanufacturers and research groups around the
gl obe as promising candidates for sustai!
the explosion of research into NWTSs. Firstly, semiconductor nanowires can leasily
manufactured on a large scale with reproducible electronic characteristics neededfor large
scale integrated systemsdownreocx omamhgf abcroing
archit ect Uurpeds ,s sEntampsoisinanowires provide good cdrfip at

least one of the critical device dimenspthe channel width, which is at or beyond the
limits of the conventional lithography. Furthermore, the crystalline structure, smooth
surfaces and the capability of producing radial and axial nanowiezolsétuctures can
reduce scattering and permit higher carrier mobility, when compared with nanofabricated
samples of similar dimensions. Lastly, because the nanowire body diameter can be
controlled well below 4 nm, the electrical integrity of nanoviiesel electronics can be
sustained even if the gate length is aggressively scaled, an accomplishment that has becor
increasingly difficult for conventional tegown fabricated FETSs.

Figure 2-8 A Uniform NWT with four elliptical crossectiors (18.8nnx20.2nm),
(16.5nmx13.8nm), (10.2nm10.6nm), and (6.3nk5.0nm)[ 8 I
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Bangsaruntiget alhave developed fabricationprocesgo fabricae a highlyuniform NWT

with anelliptical crosssection(seeFigure2-8). SeveralNWTs with differentcrosssectional
ares( 1 9105 . Mhavébeen made in order to find the impact of NWT diameter on SCE
[82]. Characterisation resultmve shown thad goodelectrostaticcontrol and satisfactory
drive currentsfor examplethe drive currentf an elliptical NWT with the crosssection
(9nmx13.6nm)s 0.95 mA/um Thereis a significant dependen®f the SCEagainstwire
size[82].

Over the past three years many scenarios have been proposed to scale NWTs. etR. Kim
al., presenanNWT performance guideline based on atomistic quantansport simulation
including strain effects for Ge, Si, GaAs, dnéds NWT witha 13nm gate length. Results
have shown thaa Ge NWT with improved source and drain design could deliver better
current versus delay performance whilstMINWTSs have showrthemselveso be superior

for power reduction capacitanf&3]. Y. Leeet al, presented an experimental way to scale
the Ge and GgSio.. NWT with an unusual diamorshape[84]. An experimental study
endorsesimulations on industryelated solutions for FINFET and NWT based on different
semiconductors such as Si, Ge, anéVlIIA substantial impact on seffeating efiectswas
observed by converting from FINFET to NWT. However, modifying the S/D doping or the
material of the gate llaa little impact onself-heatingeffects[85]. Another comprehensive
study based on statd-the-art physical models has examined the performance, reliability
limits, and variability of 10 nm technology and beyond based on NW&rehave been
indicaion of degradation of ON current of NWT technology compared to Finf&d]s
Bangsaruntit al (IBM) have demongtated for the first time that Si NWT can be integrated
to density targetequivalento CMOS scaling target of the 10 nm technology. This scaled
NWT achieves a good performance (Thedt Vopo= 1. 0 V 0. [87]. Ghe mA/
perpendicular stacked NWT architecturesigaed for sutynm CMOS technology, can
offer considerable benefits such as low-gtfite current thanks to gate all around
electrostatic controlwhilst this structure drive high estate current thanke 3-D vertically
stacked channel§88]. The stackd NWT structure has been utilised to construct a

functioning ring oscillatof89]. Nanosheet devices are a special case of NWT considered a
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the 7nm design rules as a replacenfent~inFETs enabling further scaling down to the

5nm and 3nm technology nodes.

- L. J 1

FinFET Stacked NWTs Nanosheets

Figure 2-9 2D-Crosssection ofa FinFET, verticallystacked lateral NWTs and stack
Nanosheets

With a relaxed pitch, it is possible to match the effective width of-slteded FINFETS
leading however toa 30% increase in widtlvhen broad nanosheet®re considered. The
vertical stacked nanosheets offer flexible design choices for performance and managemer
of the power due to the acceptablessWIt has excellent electrostatics and dynamic
performance comparemith aggressivelgcaled FINFET§12]. Figure2-9 compares the 2D

crosssection ofa FinFET, lateralstackedNWT, andvertically stacked nanosheets

Nanowire FETsrefabricable inwo configurations; horizontal and vertical. The horizontal
NWTSs configurations utilisedin plain 2D layouts similar to FInFETs whichthe available
space for contact and gate placement will be very tight. Therefore, the sbalidgvVTs
beyond 3nm isa majorchallenge,asin the end the horizontal configuration wikach
physial limits. The vertical configuration of NWTs turns the layout configuration from a

2D to a 3D layout(see Figure 2-10). Here, the gate length can be extended without
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occupyng a wide area on the wafer. This technologguiresintensive research of process

design ceoptimization

Source

Gate

Drain

Figure 2-10 Schematics of vertical NWTs wah array of 3x3 NWTs

2.8 Statistical Variability

One major challenge with the further scaling of traditioRBDSFET is the statistical
variability in the transistor characteristics associated with the discreteness of charge anc
granularity of matter. Transistor sizes are now quantifiable in ateaaile units and,
consequently, seliveraging of atomic scale fituations and imperfections in the transistor
structure is no longer ocaIrMOSFET manufacturing techniques cannotcbetrolled
accuratelyon atomic scales, resulting faxamplein a random number and position of
individual dopant atoms controlling theansistor performance. This means that variability

in MOSFET performance happens as a consequence of factors such as random dopa
placement, atomic scale interface roughness andngatehology, discretehargesat the
interface ad in the gate oxides @nothers. This is highlighted by the fact that, merely tens

of atoms within the channel determine the responses of8Gsom gate length MOSFET.

Off-state current (leakage current) angWariability have been significantly enhanced by
the introdution of hightk metal gates. Introduction ofthese newmaterialsleads to
additional variability sources which shouldso be take into account. These include

variations in the higik composition and metal gate granularity resulting in local variations
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of the gate work function. Intrinsic parameter fluctuations already represent a significant
challenge for the semiconductor industry and the forecast is that they will continue to be an

important issue in the future.

Both systematic and statistical sourcesasfation are present at the device level. Systematic
variation represents a swlass of process variability, which is layout dependent, and is a
result of strain and lithography including proximity effect®.g( imperfections in
lithography processes) wdn are predominantly deterministic and predictable, however
complex. Consequently, they are controllableatcertain extent with compensation
techniques available at the circuit design stage. As an example, distortions which take plact
during the photdithography process can be corrected by employment of the Optical
Proximity Correction (OPC). Furthermore, strain, which is commonly employed to improve
transistor performance, leads to both microscopic statistical variations and larger scale
deterministicvariations whichare predominantly are due tthe effects of the circuitry
layout. In this instance, the layout dependent variations could be more significant than the
local fluctuations and consequently, strain can be effectively regarded as a sgstemati
variability source and its impact could be examined using TCAD tools. A more serious
challenge, however, are entirely statistical intrinsic parameter fluctuations and their inherent
stochasticity. Statistical fluctuations are caused by the fundamesctetténess of charge

and granularity of matter which are impossible to accurately control (e.g. the arrangement
of dopant atoms in a device). These variability sources are responsible for in excess of 509
of the total variability in the 45/40 nm technojogeneration and hava much more
pronounced effect at the 32nm technology. It is therefore clear that statistical fluctuations

are of key significance to CMOS scaling and integration in the future.

Random discrete dopants (RDDs) in the channel and d$dtaute regions are the
predominant source of statistical variability in modern bulk MOSFETS, in the 45/40 nm and
32/28 nm technology generations. Whilst RDéys the predominant source of statistical
variability, the contribution of line edge roughness R)Encreassin significance because
LER scaling currently lags behind ITRS requirements. Whilst innovative device
architectures such as SOI and mghite MOS FETSs tolerate low channel doping, resulting

in reduced RDD variability, they are liable to LEReets. Line edge roughness is a
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consequencef the molecular morphology of the pheatesist employed in the lithography
process. Its primary influence on MOSFET operation is connected with local variations in
the gate length where the transistor hasmgular gate edges along the channel width. The
significance of LER will increase as a source of variability as transistor dimensions decrease
LER introduces serious variability in subthreshold current and DIBL in addition to the
threshold voltage varidiiy. A further concern with LER is the degradation ilbs ratio,
resulting from enhanced short channel effects which can lead to significant degradation of
both device and circuit output.

Metal Gate Granularity (MGG) is an issue mainly connectedwh t he fAgat e
technology, whereby the gate metal is deposited prior to any high temperature annealing
procedure. During high temperature processing, the nominally amorphous metal gate
material becomes polgrystalline. This results in the dmation of grains with different
crystallographiorientationand differing metal work function. within the case of polysilicon
gates, the interfaces between grains cause Fermi level pinning and dopimgifoomity

as a consequence of rapid diffusion ngograin boundaries. Both effects introduce

LER+MGG RDD+LER+MGG

Figure 2-11The main statistical variability sourcé€@DD, MGG, and LERn Si NWT.

significant variability in the performance of the devices. The effect of MGG on device
performance isloselycorrelated with the metal grain size, in respect to the overall gate size.
In the case of metal gatlarge grain size with respect to overall gate size, has a bimodal

effect on transistor performance, whereby differing device instances are controlled by
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different grain work functions. Interestingly, small grain size, relative to overall gate area,
causesself-averaging of the grain work functions and has a smaller influence on overall
device performance. In the gate last processes, where the gate is deposited post anneali
(and other higitemperature processes), the gatnularitycould be significarhy reduced.
Figure2-11 shows thdluctuationof the electrigpotential of three stacked NVEBuffering

from the main sourcedsf statisticalvariability.

2.9 Summary

This chapter describes the challenges that need to be addretbsastaiing of conventional
MOSFETs and psents the technolagal innovations that have been proposed. The theory
of MOSFET scaling is also outlined.

The relentless requirement for higlrformance and low power devices with density of
integration drives CMOS technology to ultimate nanoscale mbmas. Nanowire
MOSFETs are among the candidates to extend CMOS downscaling to ultimate limits,
eventually replacing the triple gate FInFET architectures afterrthreGMOStechnology
generation. The nanowire gadft-around configuration has the basihnunity against short
channel effects (SCE) allowing ultimate transistor scaling. Since statistical variability is
becoming a serious scaling constraint factor, the sources of statistical variability have beer

discussed in detail.

To summarise, the fastgmression in nanofabrication technology has creptesibilties

for the applications of silicon nanowire transistors in the future CMOS technology
generations. As a resuthore profoundinderstanding of NWT physics and the development

of TCAD (Technolog Computer Aided Design) tools for NWT design is becoming
increasingly important. The aim of this thesis isctamprehensiVg investigateTCAD
simulations in order to examine the physics of silicon nanowire transistor devices. With the
advanced modellinpols employed in this study, the ultimate performance limits of SNWTs

will be evaluated and important challenges in NWT device design will be addressed.
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3.1

# EAPCBAED Ol AOET 1T - AOEI

Introduction

Semiconductor device design and optimisation degesatlyon the accurate simulation of
the deviceds physical behavi ou maseaiooddudor e c t
devicé $ehaviour as part of the CMOS Technology Computer Aided Design (TCAD)
process, we can assess its key parameterspardtmn and understand how to improve its
functionality and performance. Evaluating device performance using baukenivelope
calculationbecomes practically impossible with the scalidayvn of the devices, due to the
threedimensional structure and ehsophisticated physics mechanisms governing the
nanoscale device operation. In order to effectively assess the operation of 3D MOSFETS, i
i's essenti al to carry out 3D numeri cal
behaviours. The modelling oew CMOS transistors has been performed using a number of
different approaches, such as Nonequilibrium Green Functions (NE®Rte-Carlo (MC),
hydrodynamic, and dr#tliffusion (DD) methods. However, since the computational
intensity associated with théysically more accurate methods is extremely high, the choice
of simulation techniques is always teadeoff between accuracy and computational
efficiency. Therefore, a compromise the solution will be to calibrate relatively simple,
computationally efficiat simulation such as DD on models provide an accurate physical
information on the quantum mechanical phenomena and can be appropriately deal-with non

equilibrium transports occurring in the device.

In this study the selfonsistent Poisserschrddingersolver was adopted for studying the
impact of the quantum confinement on the mobile charge and capacitance of NWTs with
different cross section. Although the PS quantum corrections provide very accurate
guantum charge distribution in the channel of teutated NWTs, the large number of
crosssectional solutions of the Schrodinger equation significantly slows the simulations and
reducing efficiency and productivity. Therefore, we calibrate the DG quantum corrections

to the PS charge distribution and these the DGsimulationsFigure3-1 showsa simplified
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calibration flowchart of DD to Poisserschrodinger simulation. This approach has been
widely employed in chapter 4 to investigate the quantum confinement effect. We also
employed the 3D ensemble MC simulation rgeh with accurate quantum corrections for
the predictive simulation of nanowire transistor (NWT) charge transport. For the simulation
of large multichannel NWTs and for the simulation of statistical variability we use drift
diffusion simulations thoroudy calibrated to the results of the Monte Carlo simulations.
Figure3-2 presents an overview of the calibration flowchart of DD to quantum corrected 3D
Monte Carlo simulation. This approach has been widely employed to investigate

performance and statistical variatyilof NWTs in chapter 5 and chapter 6 respectively.

The following section of this chaptésection 32) will concentrate on basic aspects of
classical DD approach and its unsuitability to deal with physical phenomena occurs at in
NWTs.

Section 34 presen relevant modifications of the basic DD, namely, density gradient
calibrations. The detailed description of Schrédinger and Monte Carlo is presented in
sections & and 35 respectively. Further improvement to DD can be achieved by a large
variety of moblity models. Section -3 illustrates the most efficient mobility models and
how can be used to calibrate DD to accurate models such as quantum corrected Monti Carlc

The conclusions are drawn in the final Section
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3.2 Drift Diffusion

Near equilibrium devie physics and behaviour are primarily modelled using the drift
diffusion (DD) approach. The DD method is suitable when the devices are of an adequate
size to discount quantum effects, and for kmh@nnel devices that are not rapidly switched.
Whilst one @ the main benefits of the model is its straightforward implementation, resulting
in widespread adoption, it is incapable of capturing nonequilibrium transport effects. The
DD method works based on the assumption that carriers are in thermal equilibrdim, a
although fielddependent diffusivities and mobilities can be used, the assumption is that
these parameters can react immediately to any electric field fluctuation. This assumption is
inaccurate for smaller devices, wherein the transport variables tadeewxily correlated to

the local electric field. Additionally, the classic DD method cannot captatecity
overshoo{90] and other nottocal effects. Furthermore, the DD model can provide highly
inaccuraterepresentations of charge velocity distribution, potential configuration, and
charge density in aggressively scaled transistors. Thus, the DD approach is often unsuitabl

for exploring the irdepth physics of shedhannel devices during simulatif®i], [92].

The DD method is based the Poissonds equa
on the Maxwell equation), current transport equations for electaoal holes in drit
di ffusion approxi mation (derived from Bol
current continuity equation. The above equations are solveecamsdfstently using
numerical techniques. The DD equations are outlined in fudbk&il in the following

sections.

3.2.1Maxwell's equations

Thedifferentiatform of Maxwell's equationare;

Gauss's lavef electrostatics
'1 m ” F] "l a) - (3'1)
Gauss's law for magnetism

ngd (32

Faraday'saw ofinduction
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v o 9 33
T O
IV.  Ampere's circuital law
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The wave equation is one of the key equations used in the field of electromagnetics. The
wave equationisler i ved from Ampereds | aw and Fa

waves travel at the speed of light:

o

Lo (35)

—
o‘

The wave equation expresses the relationship between dattrgmtential and space
charge, or between a given electron density distribution and the relevant electric field. Here,
Eis vector. For instance, we can say that field travelling in zdirection, with no variation

in the x and ydirection (i.e., zeo partial derivatives in the and ydirection). In this case,

Equation(3-5) can be reduced to a simplified scaler wave equation:

"0 T 'O T ‘O (3-6)
Ta To
Equation(3-6) is transferable tQd Gof or m where be simpli fi
6 =
n - (3-7)
w
- (39)

A quaststationary condition is assumed for the elecfield given that standard device
di mensions are significantly | ower than

potential field gradient:
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% nr
(39)
322Poi ssonds equation
Poi sssoenpuati on is derived from the afore
combination with Equatio(B8-9):
8 — (3-10

In semiconductors, space chge density | consists of n

electrons and holes) and fixed charges (determined by ionized donors and acceptors):

r

i
i

n ¢ o 0 (3-12)
whereq i's char ge de nrsisdegtrical pbtentiat) apde areneledtroniandi t y
hole densities, respectively; aid and 0 are donor and acceptor densities. If only

electrons, are considered in unipolar MOSKip€ratamnPoi ssonds equati ol

follows:

|©

& 60 (3-12)

The Poissondd ismmepwmat iacn ai s esant of the ca

electrostatigotential.
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3.2.3Current continuity equations

The following equation is derived based

ngn ‘0 na n&%—(‘) s (3-13)
(0]

In semiconductors, the sum ogetron and hole current densitids,andJp, produce total

current densityl:

, g e -14
- n—bnY (3-14)

Jn . (3-15)

The electron dynamics can be expressed using transport equations, such as the Boltzmar
transport equation (BTE), which capture the dynamics of electron density distribution
resulting from driving forces such as the electron density gradient or exaézotiic field.

In drift-diffusion approximation the electron current density is given by

0 Qe O & (3-16)

whereU is electron current densitg,is electron density, is electron mobility, an® is

the electron diffusion coefficient.

Ma x w e Iguatioss can be used to obtain the continuity equation, addressing carrier
generation, recombination and other tibesed phenomena. It is effectively an equation

that expresses current conservation, as a key feature of nature:



Chapter 3. Simuteon Methodology 41

_.
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|y o)
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(3-17)

J—
o‘

where Gis the electron generation rate, and$the recombination rate. When generation
or recombination are abseft) 1, denoting a constant current density in the cdse

constant crossection region.

3.2.4Transport equations

The classical transport description in semiconductor devices is based on the Boltzmanr
transport equation (BTE). BTE is amtegratdifferential equation derived from classical
mechanics andatistical dynamics laws. This is representethd93]:

e e —, (3-18)

wheref (r, p, t)is the single particle distribution functionis the group velocity of electrons,
andE is the applied electric fid.

ROt (3-19)

As shown in(3-19) the mobility value is evidently impacted directly by th€xalue where
d0's the average momentum relaxattome, andmis the effective mass tensdiherefore,
mobility can be estimated more efficiently when scattering mechanisms are captured. A
diagonal effective mass tensor with even diagonal elements is seen in Si. Thus, a scalar |

used to express moliifi

Electron motion can be determined by numerous scattering mechanisms in a real Si sample

Matthi essenés rule can be adopted to co
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scattering mechanisms based on the assumption that the scattering meclarisms

statistically independent:

(3-20)

—+|©

P P p
T ®r

wheren is the independent scattering mechanisms. Thus, the following equation expresses

overall mobility:

a° 321
P L L LGP 29
A gradient of material properties, temperature or carrier concentrations can result in carrier
transport in semiconductors, together with the appticatf an electric field. The following
simplification of the BTE in is adopted in order to arrive at an approximated expression for
the current density, in response of concentration gradients and electric field. The BTE
collision term (on the right sidejpn be expressed using the following equation based on the

relaxation time approximation (RTA):

—“ —“ (3-22

where(fo) denotes the equilibrium distribution function. The following equation can be used

to express 1D BTE under the assumption of steady state conditions:

p o2 R (3-23
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The following equation is derived through the multiplication®23) with 0 , integrated

acrosghe 3D velocity space:

1
L —Quvu

00 > 3-24
5 0 (3-24)

T0 T

RO . 1 Q 00QU. LM@Y
—-— U
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The righthand side of the BTE is then ergsed as follows, with the first integral on the

right-hand side disappearing as a result of the symmetrical equilibrium fuf@ipn

O A LD (3-25)
o alb o L% n 2 omo (3-26)
N i "o
o T Q.
QO W O —Q)
To
D W00 @O (3-27)

Current density is expressed as followithwnobility p and thedd O — average value

incorporated:
’i‘QuY‘
—n

0 ' &0 —ng (3-29)

Hole current density is expressed similarly:
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0 K /O —n1p (3-29)

The essential Dibased simulation equations are then assembled including the Poisson
equation(3-12), the current continuity equatio(%-17), ard the current expression drift-
diffusion approximatior§3-28) and(3-29):

O 0 0 AOng A ‘ng (3-30)

0 0 0 AONA 1 (3-31)

whereen andep are electron and hole mobility, respectively, 8acdindD, are the diffusion
coefficients relevant to el type of carriers. The Einstein relation links carrier mobility with

the carrier diffusion coefficient or near to thermal equilibrium. In the case of nondegenerate

semiconductorsD) ‘' —: whereki s Bol t z ma is absolute temperatarand ,

g is single electron charge.

I n summary the semiconduct o rdssoribeel thewhthe i c a
sellfconsi stent solution of the DD set of ec
current continuity equation in drittiffusion (DD) approximationln the next suksection

(3-2-5) we will discuss how the above equations are consequently sdiledever,
nanoscale MOSFETs demands for the inclusion of quantum etiectss the device
dimensiorshrinkageclassical DDcannotbe appropriatelgapture quantum effects without
correctiong95]. The classicaDD doesnot deal with norequilibrium transport.
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3.2.5Self-consistent calculationbased on theGu mme |l 6 s met hod

In most cases, electron device simulation requires the solotia selconsistent system of
equations describing the deviceso6 ycSelar ge
consistency occurs when flow of charge in the device is in equilibrium with the potential
distribution in the device, which inapt is affected by the moving charges. Here, charge
density J} adjusts when y is alt eonsigdencghi c
is reached when the charge and the potential reach equilibrium condition.

The achievement of setfonsistencyis essential for correctly obtaining the simulated
devicesd field distribution and current
equation and the current continuity equation simultaneously, which enables to determine the
correct mobile chargeistribution and corresponding currg¢Bt11).

The numerical solution of the DD set of equation is based on theelistent solution of

the electron densityn] and theelectrostatigotential §) as two unknown variables. Both
variables are position dependent. In the case of a MOSFE®bsence of generation and
recombination the current continuity equation results in constant current dehsitgng

the channel. Theself-consistencyin the Gummel approach is obtained by alternated
solutions of the Poisson and the current continuityagqn. Typically, the solution for the
electron density from the current continuity equation is based on the previous solution for
the electrostatic potentigl An updateqy distribution is than obtained by applying the new
carrier concentration distributowh en s ol vi ng again the Poi ¢
is achieved if the new distribution is sufficiently close to the previoysdistribution. If

not, the iterations between the solution of the current continuity equation and the Poisson
equation continug96], [92].

The electrical characteristics of a single CMOS traosisan be simulated using the GSS
TCAD device simulator, GARAND. This is a DD simulator based on finite volume
discretisation of the Poisson and the current continuity equationsselffensistencyn
Garand is achieved using Gummel iteratigRgyure 3-3). Additionally, GARAND also

considers the quantum mechanical confinement effects using the density gradient quantur
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corrections approach. GARAND is a 3D simulator and arbishgped 3D MOSFET
structures can be simulated using GARAND.

3.26 Limitations of classical Drift -Diffusion approach

The DD approach has been adopted widely by the industry and was accurate in the
simulation of relatively large devices in above 100nm technology generations. The main
benefits of the DD approach in 2D and 3D simulation environmisnsimplicity and its
computationakfficiency. The DD method assumes local relation between carrier velocity
and the electric field, incapable to describe -tawal effects based on the fact that the
velocity and energy at particular point dependghmnfield distribution along the particle
trajectory leading to the current positi@®]. The DD method applied to contemporary and
future CMOS transistors is most suitable in the subthreshold region of tice dperation

where the electrostatics plays a dominant role, and where there is a weak coupling betwee
the current continuity and the Poisson equation solution. Here, the channel contains only e
small amount of mobile charge due to the high setoalran potential barrier. Gate
voltage, drain voltage together with lheelge roughness (LER), interface roughness,
differences in dopant placement, and other barrier fluctuation sources determine the barrie
landscap¢97]i [99]. It is well understood that DD isaccuraten capturing orcurrent (bn)

and the orcurrent variability in contemporary MOSFETS above the threshold [£06].

The assumptions that form the basis of DD equations are violated as the devices are scale
to nanometradimensionsresulting in a norequilibrium and noflocal transport problem.

Here, prior scaétring along the carrier trajectories must be considered. The traditional DD
approach assumes that the carriers are in thermal equilibrium with the crystal lattice,
discounting the carrier heating and the +eguilibrium transport. The hot carriers arisedu

to an increase in the electric field caused by the device scaling. Therefore, the DD approacl
runs outof steam as the devices are scaled to nanordetrensionsNon-local effects are

not represented by the DD simulation, since it only captures ingtaat velocity
modifications related to the local electiield. In small devices, field changes occur quickly,

wi tnland & no longermrelated directhyto the local electric field, and with carrier history

now a determining the velocity and the energy at particular point in the simulation domain.
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In particularthe DD simulation approach does not capture the carrier velocity overshoot
which is norequilibrium transport phenomengh01], arising as a result of the carriers
moving with velocity higher than the saturation veloditythe case of small devices with
rapidly varying electric field in the channel. The spatial velocity overshoot is a result of the
faster response in average carrier velocity with the average kinetic energy lagging when
carriers move from a low field adh field region in rapidly field changing conditions. Since

the DD approach is based on a simple figdghendent mobility model that is connected to
the electric field at a local level, the DD approach does not capture the velocity overshoot
[102]. Previous research indicates that velocity overshoot has beneficial impact on the
transistorperformance increagng drive current, transconductance and reducing circuit
switching time[103]. Highe order approximation to the BTE, where thermal equilibrium is
not assumed, including the energy transport equations and hydrodynamiegeabns

[104] can capture overshoot effectsgaeater computational expense. The need for more
accurate BTE solutions has been highlighted due the deficiencies of the DD and the

hydrodynamic approach in the simulation of extrensalgled devicegl04].

With the transistor scaling to nanometre dimensions there is a greater need to represer
accurately the quantum effects in the simulations. In particular in NWT FETSs, the accurate
simulation of mobile charge and gate capacitance requia@tum mechanical treatment.
Quantum corrections can be introduced into DD simulations. Methods based on the solutior
of the Schrodinger equation are adopted in the research presented in this thesis. Th
effective quantum potential extracted from the mjuen solution is combined with the
classical potenti al (obtained by solving
that is used in the current continuity equation in the DD simulation, or for determining the
particl esd dr isimulatigns.fA@D Roisse8chrodihgereolvist@sed in the
planes normal to the transport direction to provide the quantum charge distribution and the
associated effective quantum potential. Next section (sect®)rw8ll describe Poissoen

Schrédinger simutson.
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3.3 PoissonSchrodinger

The simulation of aggressivescaled MOSFET requires the accurate inclusioquantum
effects. Contemporary MOSFETSs have a channel length close to the mean carrier free patt
with an oxide layer approximately three Si latticgeratomic atomic layers thick. In order

to improve the electrostatic control in NWTBe gate completely surrounds the nanowire
channel on top of the gate oxide layer. Quantum confinement starts to play important role
when the nanowire diameter becorsasaller than 8nm. The satbnsistent solution of the
Schrddinger and the Poisson equations in the 2D cross sectional plane of the NWT car
provide accurate description of the quantisation effects in the NWT channel. The potential
well in the NWTs is narrev leading to strong quantisation effects including sub band
splitting and affecting the shape of the carrier distribution in the chatheefjround state

(the lowest permitted electron energy level in the quantum well) is shifted above the bottom
of the ®nduction band resulting in threshold voltage shift. The 1D quantum transport
direction along the channel, surrounded by the gate, is perpendicular to the confinemen
planes (2D)[105].

The quantum mechanical confinement has a significant impact on charge distribution. In
classical DD simulations the maximum of the inversion laparge is at the interface, with
the charge density exponentially decreasing away from the interface. In reality the quantum
mechanical charge distribution peaks at a distance away from the interface. In NWTs the
guantum mechanical charge distribution Hssim volume inversion with the current flowing

dominantly in the middle of the NWT channel.

In GARAND the firstorder quantum mechanical effects are taken into account using density
gradient quantum corrections. However, in this study a more soplesticatantum
mechanical model is adopted, based on the-ceeifistent PoisseSchrodinger (PS)
equation solutions. This offers more accurate description of the quantum mechanical effects
at the expense of lower computational efficiency and greater congmatatmes. Similarly,

to the DG simulation approach, the more accurate PS based quantum corrections ar
implemented in the DD simulations using an iterative convergence scheme. The iterations

start with classical DD simulation. Once convergence is aelljghe DD solution is used
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to determine the quasiermi level, used as reference in the PS simulations and the initial
shape of the confinement potential in each discretisation plane normal to the transport
direction. The 2D quantum mechanical chargerithstion in each 2D discretisation plane

is then obtained by solving self consistently the Poisdmrddinger equation in each

discretization plandrigure3-4 presents a flowchart of this simulation.

A guantum correction terns derived from the quantum mechanical charge distribution
obtained from the Schrddinger solution, and this term applied to the current density equatior
in the next iteration of the DD system solution. The iterations between the DD and the PS
solutions areepeated until convergendeigure3-5 illustrates the secondary DD loop. The
same guantum correction term can also be used in simulations carried out using the Mont

Carlo method.

The Poisson and Schrodinger equations are solved in the 2D discretisation plane providing
the correct chamgdistribution and gate capacitance in the channel of the NWTs. The Poisson
equation(3-12) in this case includes the doping charge and the quantum mechanical charge
distribution acquired from the solution of the Schrédingeragqun. The Schrodinger

equation in tensor effective mass approximation is given in the form:

—n —nf [ Of (3-32

The wavefunction is set to zero through the default settibgrawfhlet boundary conditions

to the outer bounds of the Schrédinger domain. In order to prevent the wavefunction entering
metallic regions, metals are also subject to the same boundary condition. The LAPACK
|l i brariesd numer i c attoealcuate the edenvauessaad the evave |
functions. The solutions of the Schrodinger equation provide the wave functions in each
valley in the band structure within each of the 2d discretisation-eszd®ns. The total
mobile charge distribution idatained as a sum of the charge distribution in each calculated

from the corresponding wave function distributions. The new potential value is then solved.
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3.4 Density gradient calibration

Whi | st the accuracy in simulatimngngnhohe N
equilibrium Greends functions or dir-ect
sectional discretisation planes is high, this comes at great computatkpeaiseyielding

lower productivity, reduced efficiency, and slower simulatioreespp Computational
efficiency is of great importance when evaluating many design options, and it is therefore
essential to use efficient methods capturing-firster quantum mechanical effects in order

to support the computaided design of upcoming dees. This is particularly important
when dealing with statistical variability which requires the 3D simulations of large statistical

samples of macroscopically identical but microscopically diffetramisistors.

A further qguant gnnwhiclocorrespantsitodhe seteaeriviativeg ofthe
carrier d e n s i[A, 106, [185] s antraeluced by the density gradient

formalism in the extended version of the BTE:

— 08 Q ~o8 Q  —, (3-33)

where Ry is the quantum correction force derived from the sum of the classical and the quantum

correctionpotentials expresseds:

T (3-34)

wherey is classical potentialn” is effective mass, and is electron concentration. The
guantum correction based on the second derivative of the carrier concensatesived
through series expansion and taking into account the leavdst element. Introducing the
new quantum correction to the current expression in DD approximation to the following

guantum corrected current equation:
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e a » Ve
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wherer is a fitting parameter taking values between 1 and 3, based on the number of
occupied sulbands.

In many cases, firatrder quantum corrections are implemented through -aaled
effective quantum potential. Here, a quantum correction term is applied to adjust the
electrostatic potential used in traditional simulation methods. This allows the necessary
guantum mechanicatffects to be modelled, therefore maintaining the stability of the

simulator and its computational efficiency.

As noted, aurtherthequ ant um c or gmewhich correspandsrtarthe ysecend
derivative of the carrier densityds squa
(DG) formalism. The egdhirelatadiothe qugsieranndvael m p o
by thefollowing equation:

-~ Ve QY. €
[ CW —= —a E— (3-36)
Ve n €
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w —
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where b, is a parameter, which can be calibrated to replicateel&detron distribution
obtained usually fronself-consistentPoissorSchrodinger (PS) simulation&igure 3-3
presents a standard DD simulation flowchaxtorporating density gradient quantum

corrections.
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= &
[ cw — — 0 &— (3-37)
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Effective mass is used as a fitting parameter, with the density gradient equation calibration
3-38 solvednumerically and calibrated aigat the results of PoisséBchrodingesolution.

With the assumption that the density gradient effective nsaasisotropicwith different
effective mass components of the principle directiog (m and m3) the DG equation can

be written in the followng form:

(3-39)

where® 9 ¥p @, and"Y PE. The charge distributions derived from the Poisson
Schrédinger solutions alongthe NWTcrease ct i ondés maj or and mi |
basis for calibrating the conduction band density gradient effective masses in the silicon anc

in the oxide.

To secure lgarge neutrality beingnaintainhg taking into account the impact of the
electrostatic potential otine electronnjection, Neumann boundary conditions (NBCs) are
adopted in the source and drain when implementing NEGF simulation approach and othel
guantummechanical transport methods. Whilst most DD simulators use the Dirichlet
boundary conditions for the potential at the ohmic S/D contacts, NBCs are also employed in
GARAND to allow for the consistent application of the DG quantum corrections. NBCs are
well suited for DG quantum corrections because they allow the correct quantum mechanical

charge distribution to be maintained in the source/drain regions. This is especially important
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in the case of NWTs, FinFETs, and FDSOI transistfisereimplementatios of the DG
approach, care should be taken when applying the quantum potential boundary condition:
at the interface between the semiconductor and the oxide. The approach desgtiéd in
adopted in GARAND to take into account the wave fumcgienetration in the oxide. Using

this approach, the gradient of the electron concentration perpendicular to the
semiconductor/oxide interface is influenced by the effective masses in the two media. The
calculation of electron density penetration, as action of distance X) from the
semiconductor/oxide interface, is as described by the following expression:

€ W anoor](b— (3-39

wheren(0) is electron density at the interface, apts penetration depth, derived from the

WentzetKramersBrillouin (WKB) equation:

w ﬁ (3-40)

wheremxi s t he oxideds el eigt sohhef becdiedvs m
Based on Eqn(3-37), the component "€ set normally to thesemiconductor/oxide

interface can be expressed as:

g&on UE (3-41)

e €
=

where Ry is expressed as:
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(@]

(3-42)

O]

Normally, density gradient effective masses would be would be calibrated in respect of the

results achieved from NEGF, PoissBohrodinger simulations.

The DG quantum corrections are esdmatia
including random discrete dopants (RDD).
Coulomb well generated by each discrete dopant in the simulation can trap carriers resulting
in an increase of the resistance of the RDD region. The trapping ofityagarriers results

in an artificial reduction of the current. At the same time, the trapping of the minority carrier
can affect the shape and the width of the depletion region. In classical DD simulations these
effects are dependent on the mesh spaang they can be completely eliminated by the

incorporation of the density gradient quantum corrections in the DD simulation approach.

The GSS Enigma framework allows automatic calibration of the DG parameters to the
solution of thePoissorSchrédinger guation capturing also the orientation dependence of

the DG parameters. Furthermore, artificial S/D tunneling is avoided by setting large density
gradient effective mass along the transport direction allowing quantum confinement to be

applied correctly inthe direction perpendicular to the transport.
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Figure 3-4 Flow Diagram of the 2D Poissechrédinger modgB].
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Figure 3-5 Flow diagram of the fixed Schrodinger quantt
correction DD mode]8].
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3.5 Monte Carlo

MC allows different parameterisations for electrons with different energy levels and thus it
is more flexible in allowing integration of Poiss&chrodinger. In this section, we will
investigate on normal Monte Carlo fir§the Mante Carlo method applied to semiconductor
device simulations provides a direct solution to the BTE. It provides and accurate solution
for the energy and momentum distribution in the presence of strong extentat éield
leading to nonequilibrium transport effects. The solutions consider all relevant scattering
mechanisms, in a 2D/3D simulation domain which could be a very realistic representation
of the simulated deviceThe Monte Carlo approach simulates thiéects of random
scattering events and the free flight carrier trajectories in electric field, bridging the classical
Newtonian mechanics and quantum mechanical scattering rates to provide a numerica
solution to the BTE.

Figure3-6 illustrates a common simulation flow for an Ensemble Monte Carlo simulation
engine. The initialisation of the MC simulations proceeds by introducingbp€r particles

into the solution domain according to the carrier density distribution obtained DD
simulations. The energy dependent total scattering rate is calculated based on all relevar
scattering mechanisms. A random number in connection with the total scattering rate is ther
used to determine a o6fr ee fingtihgflee fightpdriode f
carriers move following classical lows of motion accelerated bgldwricfield. At the end

of thefree flight an additional random number is used to select the scattering mechanism,
which is introduced once the free fliglgnd ends. Here, the relevant scattering probability
distributions along with the choice of the superparticle state following scattering event
enable the device physics to be accurately reproduced by the MC simulatioissaBeling

is also introducetkading to a constant total scattering rate, in order to simplified the flight
time selection process. Sefattering is the most commordglected scattering
mechanisms in the majority of cases reducing the efficiency of the MC simulations. Statistics
are collected after scattering, with average values obtained, for particle véBdBy and
energy (3-44) taking into account the nonparabolic band dispersion, described by
nonparabolicity factor. Usmthe expressions below.
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0 ik (3-43)
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_ (3-449)
ca

o0 p | ™

z

Current and other ensemble averages aeadtainedBoth selfconsistent and frozen field
simulation are possible using the Monte
equation is solved at regular time stép4.2), using the electron distribution achievedtet
completion of each time step. This provides a new field distribution for the next time step.
The process is repeated until convergence is achieved. In the lattéhefsk distribution

is fixed and based on the results of prior simulation- Binulations. In terms of
computational efficiency in the case of 3D MC, the main challenge is the frequent solution
to Poissonbés equation which consumes mos
adopt a highly efficient Poisson solver, such ashiaek/red successive over relaxation
(SOR) method108], [109]with Chebishev acceleration which is highly efficient in parallel
processig environment. Theiconjugate gradierdtable (BICGSTAB) METHOD)110], or

the multigrid method111] are also godandidates for accelerating the MC simulations.

Different approximations for thmaterialband structure can lusedin the MC simulations.

The most straightforward approach is the use of single parabolic or nonparabolic bands
[112], with ellipsoidal or spherical shape depending on the tensorial form of the effective
mass. A more complex appuais to use full band structure based on k - p, pseudopotential
[113]i[115] and tightbinding[116] methods. However, as the description of band structure
becomes more sophisticated the computational efficiency is significantly eroded. The Monte
Carlo method is superior to the DD method in simulating contemporary and fhatoee
CMOS transistors with fewer scattering events resulting in -baléistic and non
equilibrium transport. Previous research confirms the increasing role of tregjndirium
transport in the presence of carrier heating, as a result of the decresasdtering event
quantity[117]. Other studies alsconfirm the increasing significance of velocity overshoot
and the noflocal transporteffects[118]. Overall, the Monte Carlo method offers adequate

computational efficiency for 3D simulation, nascale semiconductor devices. It shoodd
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noted that the method is a direct numerical solution to the\Bidte accuracy depends on

the numbepf superparticles and the time step used in the simuldtidSg
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Figure 3-6 Flowchart showing the computational steps needed for Self
Consistent Qantum Monte Carl§120].
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3.6 Scattering in Monte Carlo

In order to accurately represent drive current variations and magnitude along with
electrostatic effects, which primarily impact threshold voltage andlselhold current, it

is crucial to introduce the relevant scattering processes into the Monte Carlo simulation.
However, this requires consideration of the traffe with physical accuracy and
computational efficiency. The most common approach taken to achieve this is random
number selection, which determines the scattering process employed in the simulation via
comparison table of the probabilities associated with each prifi3s Fer mi 6 s
rule (3-45), (obtained through the Schrodinger equation) provides the probability of
perturbation Hamiltoniakik « leading to a shift between state k an¢S(k, K):

"Y' Qe % O 1 0@ 071 (3-49)

The scattering probabilities associated with each process, as derived from the above
equation, are then tabulated, enabling the calculation of the total scattering rate and the
selection of the particular scattering process attite of the free flight. This approach is
adopted for example for calculating acoustic and optical phonon scatterinfli2gsas

well as scattering rates for ionised impurities and interface rougfiri#d4sThe simulation

of the interface roughness scattering can also be achieved by using an alternative approac
wherein specular or diffusive reflectid122] is introduced through weighted selection
[123]. However, the limitation of this approach is that it depends on a the selection of the

speculadiffusive scatiering ratio which is device specifit24].

A new final state is randomly selected pssattering. The randomly seledtecattering
mechanism determines the modification of
and direction of the momentum-(lector). Numerous studies discuss the selection methods

used for each of the individual scattering mechanisms.
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In the cas of random discrete dopadta b i ionised iingodrity scattering can be
implemented in the Monte Carlo simulation. In this case, the impurity scattering is
represented not via scattering rate aarespondingrandom number selection and
respective sctring rate probabilities, but by the direct impact if the impurities Coulomb
potential on real the space trajectories. @beinitio method has been adopted in earlier
research to study the impact of Coulomb scatting from random ionised impurities or a
trapped charg§l25]. Here, the partickparticleparticlemesh (BM) algorithm s used to
calculate the shortange Coulomb force determining real space trajectory of each particle:

0 i (3-46)
@i

Wherer. is a cutoff radius selected tblock unwantedcarrier heating126] and r is the
distance to the point like chargehe longrange interactions are included via the solution
ofPoi ssonb6s equation. This allows the ran
to be simulated127], [128] This has proved to be a&fficient method that could capture

not only the localised carri@mpurity interactions but the carriearrier scattering in small
deviceswherer. is a threshold radius restricting carrier heating, raiscthe distance to the
charge. The solution to the Poisson equation provides thadmgg interactions, enabling

a high level of accuracy in simulating the current variability caused tgoma dopant
scattering. Previous research confirms the ability of this approach to accurately represen
both localised interactions between carriers and impurities as well as scattering betweer
carriers in smadscale devicegL27].
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3.7 Quantum Corrections in Monte Carlo

The incorporation of quantum corrections into the Monte Carlo simulation method enables
the accurate simulation of quantum confinement effects which play important role
determining the performance of na@&OS transistors. The quanturarrected Monte
Carlo method provides accurate simulation results in higtdyed devices witts; thickness

in therange of 10 7 nm[129]i [133]. Therefore, the incorporation of quantum corrections
into the Monte Carlo modle bot h upholds the approacho
enables tunnelling and size quantisation effects to be captured. Different methods have bee
used to introduce quantum corrections in the MC simulations including the solution of the
Schrédinger[134], [135] and Wigner[136] equations, as well as by using effective
potentials derived from accurate quantum simulations or related to the DG apr2ich
[137], [138] The standard method introduces quantum r r e c t i 0 g asgotlows n t i

[ [ [ (3-47)

whercesycl assical potenti al (deri vedgirom
guantumcorrected potential (derived via the methods outlined below). rather than
integrating the quantwwoorrection potential with the current continuity equation, as in the
case of DD simulation, quantuoorrected potential is instead utilised to determine the force

(F) impacting particles during the free flight period under the Monte Carlo method:

0 0 O (3-48)

"0 (3-49)

0 (3-50)
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Compared to quantum transpdrhalations, which offer greater accuracy and detail at high
computational expense, the introduction of quantum correction intecdassical transport
offers greater efficiency, particularly given that PS equations are typically solvechos$ise
sectioal discretisation lanes onireonly few times during the 3D Monte Carlo simulations
[139]. This is the most accurate methakd to introduce quantum corrections in GARAND
MC engine. Alternatively, the DG method can be used for introducing the quantum
correction force in GARAND MC. In this case the calibrated DG quantum correction
method is used in the DD simulations used fotialisation of the MC simulations. The

mobil e charge distribution at theend of

In the case of twalimensional Monte Carlo simulation, a previous study presents a method
for incorporating the Poisseischrodingr solution into the model with greater efficiency
[139]. Here, periodic solutions to the Schrddinger equation are calculadéu, a
perturbative method used to calculate eigen energies during the remaining time steps. I
other research, a Wigner distribution functizased correction term has also been presented
[136]. This is expressed as folloys40], beginning with the Wigner transport equation, as

a modified BTE:

2 p
- n —_ 3-51
1A’ Q"Y ( c'Q"Y( (3-51)

Calculating the solution to the above equation is challenging given its highiinean
structure. This beingagd, compared to the earlier approach, E&+hl) provides the benefit

of lower noise sensitivity. Previous research has confirmed the effectiveness of the
correction term in twalimensional Monte Carlo simulations. Additionalyther studies
have adopted the met hod and applied it
distribution [140], with the equation also applied ywnd the thermal equilibrium
assumption. Both twdimensional and thregimensional Monte Carlo simulations have
been carried out in the literature using the effective potential method to accurately capture
confinement effects. Additionally, with multi gaMOSFETSs, the method has also been
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adopted to explore surface roughness scatt¢fiaf]. A scattering rate must be used to
ensureaccuracy in modelling whilst also overcoming the limitation of the effective potential
method, in that it overestimates the degree to which carriers are turned away from the
interface. Thus, the selection of a weighted specular/diffusion reflection igalnhsun this

case. The method has also been used to explore Coulomb interactions with unintende
doping [142], with dopant channel placement being found to be effective irurdagt
degradation.

The adoption of the fitting parameter poses a noteworthy limitation to the method, however
[142]. Wh e n t he field i s overestimated,
underestimated, resulting in the peak concentration moving away fronmtéréace. In
comparison with Poisse&chrodinger solutions, if the parameter is reduced in order to
correct this issue, this can result in a lower correction term than anticipated, along with a
peak concentration that is too high. The fitting parametelegahust be varied in the normal

and parallel directions to the interface when the method is applied in 3D simulation.

The replacement of the Gaussian distribution with a Pearson IV distribution has been carriec
out in order to present an alternative efifee potential approach. Depending on the distance
between the carrier and semiconduairide interface, the Pearson distribution can be tuned

at different points in the vertical direction. This is achieved using four parameters, rather
than the single grameter used in the Gaussian approach. The benefit of this method is
greater consistency with the Poissechrodinger solutiotvased electron distributigth42].
However, validdon and implementation of this method has only been achieved in 2D
simulation to date, with no extensive simulation research adopting the approach. The
following equation can be used to obtain a more computationally efficient Schrédinger
based correctioterm, compared to the incorporation of a-lRSed solution into Monte

Carlo simulation:
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[a oQvMiga 114 o (3-52

whereng(z) is quantum density (derived fromettsolution to the Schroédinger equation)
[134]. Here, ng(z) does not reflect values, but distribution shape. Quantum density is
calculated by periodically applying the eigelueasolver to slices along the quantisation
direction, which upholds setfonsistency. The correction term expressed in E162) is
modified based on the result, although the solution to the Poisson equation is reachec
separately based on the Monte Carlo electron distribution. This allows the simulation to
achieve the same computational efficiency as traditional modelsappi®ach does not
require consideration of the Fermi level, since it only requires the quantum carrier density
shape. The method can be applied beyond the assumption of thermal equilibrium by mean
of the varying carrier temperatures between the slicdditidnally, consistency with the
solution to the PoissenSc hr ©di nger i's achieved due t
Schrédinger solution. Both twdimensional[143], [144] and threedimensional[143],

[145], [146]applications of the method have been carried out, with correction and transport
being twe and threedimensional, respectively. In both cases, a good level of accuracy has
been found in terms of sizeugntisation. However, the method has been found to be

unsuitable for capturing tunnelling effe¢1<t7].

3.8 Mobility and -V calibration

One of the key parameters impacting semiconductor device performance in DD simulations
i's the car rThedepemienbe of mobilgy withghg field (mobility models) has
traditionally been the way that DD simulations have been parametansedalibrated to
correctly match theoretical results with experimdiitere is a strong correlation between

the drive current and the mobility, with the drive current increasing as mobility increases.
Since scattering mechanisms such as surface roughatées/phonon and ionised impurity

scattering have an impact on mobility, the accurate representation of carrier mobility
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requires the key scattering mechanisms to be taken into account. Matifseste({3-20)

is used when multiple scattering mechanisms are introduced in the mituitiggls

The carrier mobility is reduced by ionised donor/acceptduced impurity scattering in
doped semiconductors. A typical mobility model in DD simulatibas thre&eomponents
including lowfield mobility model, perpendiculdreld mobility dependence and lateral
field mobility dependence. There is a large variety of mobility models used in DD
simulations with different level of complexity and sometimes the low fredility and the

field dependency cannot be clearly separate.

The lowfield mobility model isfurther educed by the perpendicuia€ld model. The
combination of the two models determine the/k characteristics of the CMOS transistor
at low drain bias. Ahigh drain bias the mobilityf further reducedoby the lateraffield
mobility modelwhich accounts for the velocity saturation effects at high electric field. The

three mobility models used in this study are explained in further detail below.

3.8.1 Low field mobility dependence

The lowfield mobility value determines the base mobility mainly determined by the phonon
and the impurity scattering. Near the interface the low filed mobility is modified to take into
account the impact of the interface on thebitity in the MOSFET channel. It can also be
modified by the strain used to enhanceghdormancef contemporary CMOS transistors.
The Masetti (concentratielependent)148], Arora [149] (concentratiordependent) or
Philips [150] (concentratiordependent, including screening effects) mobility models are

available for selection in the atomistic simulator GARAND.
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3.8.2 Vertical field mobility dependence

In order to capture the effescdfsurface roughnesattering at the semiconductor/insulator
interfaces, the lowviield mobility value is adjusted through the use of the perpendieldr
mobility model to deliver the perpendicufeeld-d e p e n d e n t y).Mloslvalue isthen ( €
further adjusted using the chosen lateral fiddghendent mobility model. The available
perpendicular fieledependent models in GARAND include the Yamagufi®l], ,
Lombardi[152] and ThirLayer[153] models .

The Yamaguchi mod¢ll51], (Eqgn.(3-53) is an empirical model that delivers a reduction
in the low field mobility of the inversion layer as a response to the confinement field

perpendicular to the interface and therefore to the direction of the carrier flow in the channel:

w h e 1 ise thedowfield mobility, Ec is the critical electric field (used as a fitting parameter
for the model), and U is an exponenti al
equation(3-53) presents the numerous parametemessed in the model, and these are also

outlined in previous resear¢h51].

(3-53)

o
O
oo

The low field mobility w impacts low drain bias current in the linear region of operation,

'O impacts the start of the bending in theMg characteristcsand U i mpact s t
of the bending. This can be illustrated by using the simple current model in the linear region,
work function can be used as a fitting parametetaking into account the impact of the
short channel effects:
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OSw w' 00 w w — (3-59)

3.8.3 Lateral field mobility dependence

The use of a lateral fieldependent model causes hiiigld velocity saturation effects to be
reflectedinmobii ty. The mobility € value is take

across the simulation region.

The following equation presents the Caugfiénppmas fielddependent mobility model
[154], which is in empirical accordance with veloeftgld characteristics

‘0 (3-59)

The fitting parameter 4 impacts the slope if thesdVg curve is at high ¥, whi |l st
impacts bending. The following equation expresses the temped&pesdent saturation
velocity Vat[155]:

0 [V — (3-56)

Temperatured e pendent fitting parameter b can a
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T = (3-57)

The high drain bias the simple current model in the saturation region is expressed as:

&)
Ow —"00 w (3-58)

In the simple current model in the saturation regiorateralfield can be approximated as
El = Vp/L, with work function again sed as Vr as the fitting parameter taking into account

the impact of the short channel effects.

3.9 TCAD Tools and DataAnalyses

This research has adopted the GSS 3D statistical atomistic TCAD simulator GARAND and
the automation and optimisation engine dfna, which offer significant accuracy and

efficiency in device calibration, optimisation and modelling

3.9.1 GARAND

GARAND used comprehensively in this research is a TCAD simulator specifically
developed to simulate statistical variability and reliapiiih contemporary and future
CMOS transistor. The GS&ynopsys)website detailsa number of applications of the
GARAND tool in this context. GARAND has offers different simulation modules, including
Monte Carlo, driftdiffusion with PS and DG quantum cections. Additionally, GARAND

also provides the latest physical models, supporting accuracy at atomic scale. The too
provides the ability to use density gradient quantum corrections for both electrons and holes

simultaneously. Additionally, GARAND also fefs extremely efficient computation with
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guaranteed convergence in complex 3D simulations. Furthermore, GARAND takes into
account random discrete dopants, trapped discrete charges, gate stack granularity, line ed
roughness, and other kegurces obtatstical variability individually and in combination.
Figure3-7 illustrates the statistical drifdiffusion simulation engine fits into the GARAND

tool-chain.

3.9.2 Enigma

The statistical simulation of CMOS transistors requires simulation in 3D of large statistical
samples which can be efficiently performedcomputing clusters using farming. Data flow
between tools within the GSS tool chain is maintained through the aspedific database
architecture. The automated cluster job submission and management system provided by tF
GSS tool chain offers high plactivity andefficiency, enabling high numbers of simulation

tasks to take place at the same time in clusters with large number of processors. The resul

{ Device Struatre 1

M @

|:>[ Drift Diffusion 1@[ Drilft Di{fllﬁion }
nput File

|:>[ Monte Carlo }@[ |\/:0ntet(|:3{|:1rlo }
nput File

Figure 3-7 Flow diagram defining the relation between the GARAND-diffusion and Moni
Carlo simulation modules

Default
Material
Models

—
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of the simulations are automatically gathered and summarised through the job submissior

and managenm interface with the GSS database.

3.10 Summary

This chapter has outlined in the basis of the 3D drift/diffusion simulation, presenting both
the drift/diffusion and the density gradient equations as well as the algorithms employed
solve them self consistentl Semiclassical approaches are used to simulate the charge
transport based on the Monte Carlo method, where the charge trajectories between twe
scattering events are simul ated] [lb6sisuseg c |
to calculate the scattering rates based on acalyton-parabolicband structure. The 3D

EMC simulations are used to capture the-equnilibrium transport iraggressivelyscaled

NWT, leading to accurate estimation of the transistor performance. This chapter has alsc
described the quantum correction édson the solution to 2D Poiss@throdinger
equations for eaclhdiscretisationcrosssectional plane perpendicular to the transport
direction[157]. The quantum potential obtained from the PS solution determines the driving
field, which controls the free flight of thearticles This chapter has also discussed the
stability and efficiency of the DD simulation method, with a straightforward yet effective
DG approach to the introduction of quantum effects into simulation. It was clarified that
nortequilibrium transport effects cannot be represented by the DD model irsoaleo
devices. Furthermore, transport variability due to ionised impurity scattering is also difficult
to capture using Dbsimulation. Monte Carlo simulation are used to calibrate the- drift
diffusions of large multichannel NWTs and to perform statistical bditya simulations

[158].
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4.1 Introduction:

El ectronics manufacturers, influenced by
many key technical CMOS technology developments including-kighate dielectrics
technology and strain technology, which involve both new peaseand new materials
[26], [159]I [161]. Multi-gate MOS FET modelling is anticipated to be a primary focus for
future developments. The superior @lestatic integrity provided by Nanowire (all gate
around) Transistors (NWTY]7[9], [162] ensures that these innovative transistors remain
popular candidates for achieving ultimate CMOS scaling liffi&2]i [164]. The scaling

limits are ultimately defined by the quantum mechanical effects which control the operation
of NWT transistors[4]. Threshold voltage shift, resulting from confinement effects,
together with the reduction of the gatechannel capacitance are reducingatailablefor
transport charge within the chanf@. Lower gateto-channel capacitece will additionally
negatively impact the electrostatic integrity. These effects increase with the reduction of the
NWT dimensions and are therefore key to the assessment of NWT scalingd]mits

Density gradient quantum corrections, in commercially available TCAD tools, represent the
pragmatic approach for dealing with guam confinement effect§7]. However, no
investigations of the importance of quantum effects and the relevance of the DG technique
for the modelling of ultimately scaled NWTs of varying crgsstional shape at the scaling
limits have yet been conducted. This means thagfileet of NWT crosssectional shape

on ultimate scaling limits remains unaddressed, along with other critical design questions.

This chapter examines the ultimate scaling limits of NWTs with different -sestsonal
shapes, using simulations employingif8on Schrodinger (PS) quantum corrections
i mpl ement ed © n ddffaston (DR)sinoulator6 ARAND [GST. Realistic
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design parameters of the soudrain extensions and their impact on SS and DIBL are
considered. In addition, the effect diet nanowire crossectional shape on the gate
capacitance € the charge available for transport @nd the speed (evaluated by using the

Qa/Cg ratio) are investigated and contrasteith U

This chaptewill commence with an introduction detailing the NWT design employed in
this investigation. The next section, demonstrates the key elements of the NWT structure
design. Section -8 describes the structure editor employed in this studgtidcbe44
provides an overview of the design details of 5 nm NWT. The simulation methodology and
the density gradient calibration have been explained in Sectibrend 46. The analysis

of effect of quantum confinement on the gate capacitances andal&bke charge for
transport in the channel are described in Secti@n 3ections 8 examines the effects of
guantum confinement on the nanowire electrostatic integrity, including SS and DIBL.
Section 49 attemptgo find the optimal crossectional ggsect ratio. The penultimate Section
4-10 investigates the effect of varying source/drain doping designs on optimal channel
length for different NWT cross sections. The conclusions are drathe final Section 4

11.

4.2 Nanowire Transistor DesignStructure

A nanowire FET comprises of a silicon body within a nanowire shape acting as the
conducting channel; whilst the gate dielectric layers and gate material wrap around the

semiconductor to form the MOS structure, as depictefigure4-1.

4.2 .1Silicon Channel

Ever since the first silicon transistor was produced in the 1950s, silicon (Si) has been the
basis of computer chips and the foundation of the semiconductor industry, with substantial
investments in R&D over the followgndecades to ensure production of dependable scaled

transistors. So, whilst other elemental or compound semiconductors may offer greater spee

than Si at ultrehigh-speed and ultrbow-power applicationg165], a waste amount of
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additional R&D expenditure in time and money would be required to deliver and optimise
corresponding new chip mafacturing and design processes. A primary advantage of Si is
its susceptibility to oxidation that produce silicon dioxide £i® gate dielectric with
exceptional properties. The oxidation proceeds in dry or wet oxygen atmosphere at high
temperature.Si also remains stable at high temperaturespefation. Additionally, Si is
insoluble in water and this is beneficial in minimising various problems associated with
manufacturing and functionality. Si exists naturally as a perfect crystal with onilytemin
defects apparent in ulttarge ULSI integrated chips. Si is also inexpensive and commonly
sourcedacrosshe Earth. These properties make Si the semiconductor of preference in the
production of robust transistors and chips.

Gate D’(‘&Yﬁ

si
Si0;
High-k

JVetal

Sours

Figure 4-1 schematic view and material details of the circular N{87/D contacts
are not show).

Based on a set @omnercialcriteria, for each technologyode,a key research objective
is to continually investigate a variety of transistor scenarios with the aim of ensuring that Si
remains the basis for future chipanufacturing Strained Si has demonstrated important
key benefits for improving transistor performance, particularly with regard-type
MOSFETSs. Particular strain patterns result in tripling the hole mobility and doubling-the on
state current of fype transistors. Further to Si strain development, aligenahannel
materials are also being investigated for their potential of enhancing MOSFETSs speed
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4.2.2Gate dielectrics layers

Excessive scaling of Sgayerresults in higher gate leakage as a consequence of quantum
mechanical tunneling effectll66]. Minimising the gate leakage current in CMOS
components, necessiat replacing the traditional SiQyate dielectric layer with an
alternative dielectric -kodf. h hagHhigOperndttivieyl(ke c t
> 20) andhas therefore was introduced as an alternative gate dielectric.

Conversely, Hafnia ahthe majority of higkk MOS dielectrics have unstable interfaces with

Si channels. Here the highlayer reacts with Si under equilibrium conditions to produce an
undesired interfacial layer (IL). To enhance the capacitance of the gate stack and match th
high-k layer with the Si interface, an insulating interfacial layer is negtléd]. The
insulating interface provided by SiCircumvents undesired movements of threshold
voltage and flat band voltage. It also offers improved thermodynamic stadiGg].
Insertion of a thin IL of SiO2 between the highgate stacks and Si channel promotes
reliability by lowering ITC (interface trap density) defects at thénfirface[29], [166],
[167], [169) [174]. The IL lowers gate stacked/Si roughness and improves the mobility
[175]. The peak molity in MOSFET devices with a high layer has been shown to be
dependent not only on IL material, but also to be directly proportional to IL thickness for
both polySi and metal gatd476], [177]

Conversely, the hafnia thickness terid increase the lofvequency noise associated with
the MOSFET current when compared with Saernatives. The IL minimises noise, whilst
reducing SiQthickness results in greater, ldvequency noise as a consequence of interface

trapping and mobily variationg[178], [179]

The SIO2IL is found between the Si conducting channel and thedighd i el ect r i c
be deliberate or unintentional. The thin IL develops between theshigh ayer and

a consequence of many high di el ectri c deposition tec
unstable interfaces with Si. The IL derives from the diffusion of oxygen from theahigh
layer towards the Si interface mainly during the process of activation annealing, rather than

the process of higp deposition itself. T h €0 oxygeh e c u
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promotes the controlled diffusion of the oxygen by producing-Bighst ack s wi -
IL[180], [181]

Whilst the IL offers improved mobility, bir stability and reduced noise for higlgate
stacks, it also lowers the total gate capacitfhéd], [182], [183] The total capacitance of

MOS devices comprises the two dielectrics layers in sgtigk

P P P (4-1)

The MOS capacitanceods determined by dielectric primitivity and thickness as described

in equation(4-2):

il (4-2)

Wheroer epresents the r el atrepresents theepermittitity of c
vacuum, andok represents the oxide thickness. More specifically, the employing a dielectric
wi t h & inarenfacitates the sdag to the transistodimensions.The expression
Aequi val ent oxide thicknesso (EOT) s e
necessary to achieve capacitance of fkighmaterial of an equivalent area. The EOT equation
(4-3)is:

o5y, 0 49

Equationg4-1), (4-2) , and(4-3) give rise to the EO®f two layers of gate staqk-4;

0 (4-4)

00 "Y-
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4.2.3Gate Electrodes

Metal gates, in combini@n with Si and appropriate dielectric, can act as gate electrodes to
form a MOS channel region. However, use of gBiyas a gate electrode can result in
problems with polydepletion and resistivity effects. Therefore, metallic TiN gates are used

in contemporary CMOS technologigk72].

4.3 3-D Structure Modelling Tools

Adaptable techniques are required for madglthe new innovative-B Nanaotransistors.

This study usethe Structur&ditor SigmundGS g to generate accurate simulation domains

of nanowire structures stored in VTK format which can be loaded and used by the device
simulator GARAND. The hierarchgf object structure flow employed by the Sigmund
Structure Editor is depicted iRigure 4-2. The structure editor sets theD3simulation
domain, which can then be populated with material regions, doping regions and contact.
Sigmurd also meshes the simulation domain prior storing it in the VTK file. This is a five

step process:
1- Identificaion of materials, doping type, dimensions and other device parameters.

2- Utilisation of the template geometry objects (triangular prism, cylinder, cuboid,
tetrahedron, regular tetrahedron and sphere) to generate -De stBucture.

Amalgamations of the terfgie objects permits creation of more complex structures.
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Figure 4-2 Process flow of (Sigmund) strector editor.
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3- Following the generation of the structure, doping can be introduced via inbuilt analytical
doping regions employing a combination of position and materials options. The
Sigmund Structure Editaffersfive doping options: Block, Gaussiarll, Gaussian 2

D, Gaussian-D, Block-Gaussian.

4- Whilst meshing is defined at the same time as the objects, remeshing can be applied &

any time to achieve target resolution

5- Metal gate granularity and line eelgoughness (LER) are additional options which can
be used to supplement the device structure or selected objects

4.4 5 mm Nanowire Transistor Design

Key design criteria:

1- Material composition of channel, interfacial layer, higbate stack.

2- Dimensions of déce crosssectional shape, gate length, effective oxide thickness and

source/drain spacers.

3

Crystallographic orientations and strain of the semiconductor channel.

4

Doping concentrations, such as peak andafbltioping.

Si is used for the simulated NWhannel, source, and drain regions. S#&nd Hafnia
comprise the 0.4 nm interfacial layer and 0.8 nm tkdhyer determine the gate stack
(according to the ITRS scaling criteriddccording to Equation -4 this results in gives
equivalent effective oxidéhickness EOT=0.6.Figure 4-3 depicts the 3D structure of a
cylinder NWT. In this investigation, the electrostatic performance is examined for silicon
channels with foudifferent crosssectional shapes: circle; ellipse; rexalar; square. To

ensure an unbiased comparison, all csesgional shapes were designed with identical
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surface areas: fsssecio= 9 2, i.@ the diameter or (fipitch) of the circular NWT is
6nm Table4-1 gives the pecise crossectional dimensions for all four investigated shapes.
The two channel crystallographic orientations studied on (001) wafer are <110> and <100>.
Table4-2 summarises design parameters for all devices: the effegaieelength is 120

nm, the spacer thickness is 5nm, the source/drain peak doping concentratiorfds#%10
The low channel doping boosts charge mobikith a significant improvement ahe FET
performanceand italsoreduce local (statistical) vabdity. It has been demonstrated that
doped FIinFETSs retain a variability advantage alassicaplanarMOSFETIf the channel
doping is lower than a few ¥&m?3 [184]. The channel doping of Intel 14nm FinFET is
about 16’ cm3. Better electrostatic integrity, offered by galearound nanowire transistor
(NWT) architectures allow reducing the doping of the chafifiel[8], [9], [162], [164],
[185]i [189]. In this study, the channel doping is lowered up tt &ov3.

Sigmund Structure Editor was used to generate suitable NWT structures for this study.
Figure4-4 depicts the doping profile dfhe SINWT studied with a gate length Lg = 12 nm
and spacer length Ls =5 nm.
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Table4-1 Physical dimensions of simulated devices

Y(nm) Z(nm) Y/Z Area (nn?)
Circular 6 6 1 9"
Elliptical 3.45 4.64 0.74 9
Square 3.54 3.54 1 9’
Rectangular 3.06 4.13 0.74 9’

-NQOSiz

-Si3N4

Hafnia [l Si
SiO> Il Vetal

Figure 4-3 A 3D representation of cylindrical NWTs with S/D contac
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Figure 4-4 The dopig profile of the Si NWT with gate length Lg12 1
and spacer length Ls=5nm.

Table4-2 Parameters of the simulated devices

TiL (nm) 0.4

Thighk (NM) 0.80

Gate length (nm) 14
Spacer thickness (nm) 5.0

S/D peak doping (cr) 4x10%°
Channel doping (cr) 10“
Substrate orientation 001
Nanowire orientation <110> & <100>
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Figure 4-6 Four NWTGs crosssections simulated in this subsectic
Comparison of the charge distribution in the NWT ciesstion obtained
from three simulations methods; Poissschrodinger, density gradient th
classical DD. The simulations at low drain voltage and at gate voll
Ve=0.60V.
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4.5 Simulation Methodologies

Subsequent to the generation of the VTK files with required NWT structures, the simulation
was conducted to examine three simulation options: PeSsbrodinger (PS) quantum
correction directly implemented in the dr@iffusion (DD) simulator; a Density Gradient
(DG) quantum corrections and classical simulation. The PS and DG simulations have beer
compared t@ssess the accuracf/the DG simulations of quantum confinement effects in

the NWTs appropriate for stBsnm CMOS appliations with varying crossection

Non-parabolic band structure efegvere not captured in the 2D cressctional slices along

the gate length of the simulated 3D transistors forming the 2D solution of the Schrédinger
equation. A LAPACK solver was utiksl to solve the 2D Schrodinger equatiorthe
effective mass approximation. The wave function penetration in gate oxide is taken into
accountFigure4-5 depicts the wave functions in thg, q», 3, ardgx degenerate valleys

in the crosssection of an cylindrical Si NWT at gate bias of 0.60V. The probability
distribution obtained from the wavefunctions combined with the occupation density
resultingfrom the Fermi level and eigenvalues (subband energies) are used to calculate the
2D charge distribution. The PS charge distribution is coupled to the DD transport. A DD
simulation is initially performed until convergence is attained, and then the-lgrasi

level resulting from the converged DD solution is employed as a fixed reference for the PS
solution[9]. The effective quantunpotential is used as the driving potential in the solution

of the currencontinuity equation, where the charge distribution in the NWT eseston
mirrors the charge distribution resulting frahe solution of the Schrédinger equat{@h,

[185].

The charge distribution in the NWT channel from the PoisSohrodinger (PS), density
gradient (DG) and classical simulation is comported and analygpae4-6 depicts the 2D
charge distribution at the centre of the NWT chanRigJure 4-6 illustrates how the 2D
charge distribution resulting from uncalibrated (standard) DG simulations may not
effectively capture the quantum echanical effects in respect of the mobile charge

distribution in the channel. Results of Poigs®chrodinger (PS) and density gradient (BG)



Chapter 4. Si Nanowire Transistors Design 87

based quantum corrections are subject to a detailed comparison to evaluate the applicabilit

of the DG approach fesimulation and design of scaled NWTs in the following section

4.6 Density Gradient calibration

Whilst the PS quantum corrections deliver highly accurate quantum charge distribution in
the simulated NWT channel, the large number of esessional solutionsfor the
Schrédinger equation causes substantial slowing of the simulations with concomitant
reduction in productivity and efficiendy62], [164] Therefore, to address these issues a
compromise solution involves calibrating the DG quantum corrections to the PS charge
distribution aml then utilising the DG simulations. The DG formulation includes a quantum
corr ect iqge propdri@maln, the yecond derivative of the square root of the carrier

densityas explained in chapter thrésuation(3-37)).

The DG equation is calibrated against quantmachanical simulations using Poisson
Schrédinger solution using the DG effective mass, as a fitting parameter. Furthermore, the
DG effective mass is considered to be anisotropic, resulting in different effectise
components associated with each of the coordinate system directiony end m. As
explained in chapter threequation(3-38) is theform of the solved DG equation

The DG effective masses for both the conduction band in Si and theu®i©alibrated to
match the charge distributions resulting from PS solutions associated with the major and
minor axes of the NWT crossction and the integrated mobile charge in the channel at a
0.60V gate voltagdt is important that the orientation dependence is taken into account by
the PS solution. The DG effective masses simply represent fitting parameters. Additionally,
the quantunctonfinement is only relevant normal to the direction of the transport, and the
DG effective mass along the transport direction is set so as to be sufficiently large to preven

artificial S/D tunnelling.

Figure4-6 illustrate the charge distributiazbtained from the standard DG and calibrated
DG of Si NWT. Figure4-7 illustrate the charge distribution differences between different

NWT crosssections resulting from PS, DG and classical DD simulations. It can be seen
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that the calibration of the driffiffusion simulationscan significantly impact charge
distributions. A fuller illustration of the reliability of the calibration process is provided in
Figure4-9 in comparison with the 1D charge distributions resulting from the PS and DG

solutonshong the main O0di aBeetbrer sé6 of the NWT

Optimum channel gate control with excellent electrostatic integrity is offered by GAA
design. However, quantum mechanics exerts significant effects in suchoalked GAA
NWT, which must be addressédorder to produce accurate performance results for the
device using simulations. Four different NWTs cresstions are studied here using
simulatios: cylindrical, elliptical, square and rectangular. Although the elliptical and
rectangular NWTs have d#rent characteristidimensionsall devices have the same cross
secti onal 2aIl@and&f00>%rnd crgstallographic orientations on (001) wafer

are examinedlable4-2 summarises the crosgctional dimensions forlaix nanowires

4.9e19
4.5e19
— 4.1el9
— 3.5e19
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- - 2.1e19

— 1.5e19
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Figure 4-7 Charge distributions obtained from thstandard DG and
calibrated DG of Si NW{y-2z) and (x-z) crosssections.
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4.7 NWT Mobile Charge and GateCapacitance

The influence of the quantum mechanicalj@ffects on the gate voltage dependence of
the gate capacitance for the different cresstions depicted iRigure4-6 andTable4-1 are
examined. An infinite gate length has been assumed to emphasise the effect that cros:
section has on the gate capacitar€éigure 4-8 depicts the capacitane®ltage (GV)
characteristis of the simulated NWT withkix crosssections. The impact of thex@ffects

on the gate capacitance are clearly demonstrated. In the quantum simulations the gat
capacitance is reduced by a mean value of approximatelyc8®¥paredo the results of

the dassical simulations. Most significantly, the magnitude of theeffectsis for different
crosssectional shapes, despite the identical esessional aredigure4-8 shows that NWT

with an extended elliptical crosction (elliptical 2) exhibits the largest gate capacitance.
This is probably due to the compensating effect that the elliptical shape induces in respec
to the anisotropic spatial confinement / elestatic confinement resulting from the
dissimilar quantum masses along the cresstional diameters which provide greater
extent uniform charge distribution that the wrappsmund gate can control more
effectively.

The mobile charge in the channet pait length @ at a particular gate voltages;\s directly
proportional to the NWT gate capacitance per unit lengthr@l is given by the following

equation:

6 60 o (4-5)

Where Vf is the threshold voltage ands\W t represents the gate overdrive.

This indicates that reduction of the NWT gate capacitance will result in lower mobitgechar

in the channel and also in lower transistor performance. It is interesting that the precisely
calibrated DGnodelcloselyresembles the PS results and therefore can be considered as an
efficient approach to capture the quantum mechanical effects iDTd@&ice simulations,

even for complex 3D transistorsigure 4-10 depicts the gate voltage dependence of the
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mobile charge in the channel for the NWT3J able4-1 (NB this refers to the integral mobile

charge in the channel per uariea atow drain bias).

Eqgn. (4-5) indicates that the reduction in gate capacitance results in a reduction of mobile
charge in the channel, which consequently is an indicator of poorer NWT performance.
Similarto gate capacitance, the mobile charge for NWTs with identical-sem$snal areas
depends on the crosectional shape. The effects of NWT shape on potential NWT
performance can be evaluated frdable4-3 which compares Vs=0.60V) for identical
Qv(Ve=0.0V). To perform this compion the @ (V) curves were aligned by changing

the gate work functionLike the gate capacitance, takiptical 2 NWT exhibits the largest
mobile charge in the channdlable 4-4 includes an additional case compared with the
NWTs outlined inTable4-1: the structures in this case have been rotated by 90 degrees
whilst retaining the original crystal orientation. This perpendicular rotation of the optimal
performing NWT leads to an improveduQQCs which represents around 11% and 10%
improvement of @Q/Cg ratio. Here, the asymmetric spatial confinement induced by the
elliptical shape aggravates the similar electrostatic confinement induced bwrtbas
guantum masses along the crgsstion diametersyhich gives rise to a charged distribution
that is predominantly focussed on only one of the two diameters and consequently les:s
tightly controlledby the wrappeéiround gateTable4-3 illustrates how the YCg ratio can

be wutilised as an indicatwand Qs aretdimeetly 61 n
correlated which highlights not only the approximate nature of @ep), but also the
requirement to assess botlw @nd G. Extended elliptical NWT exhibits the optimum
Qw/Cs when compared to the other crasstionsTable4-5 provides the values forg Cs

and Qu/Cg ratio for the wires with identical matching cressctional areas as presented in
Table 4-3, but also including the <100> channel orientatidmalyzing the results

summarized iTable4-3, Table4-4, Table4-5, gives rise to the follwing main conclusions.

First, all wires with the <108 channeldirection have greater charge in the channel
compared to the <110> wires. This confirms that varying the crystal orientation of the silicon
channel results in change of mobile charge withirctrennel and therefore is an important

design parameter. Consequently, the gate capacitance also increases leading to enhanc
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electrostatic control. Additionally, the extended elliptical and rectangular NWTs offer about

~11% and 8% performance improvenmt compared to the circular and square shapes.

log,, [electron Density (x10 ‘cm )]
: 7 -1
electron Density (x10 cm )

Gate Voltage (V)

Figure 4-10 Dependence of the mobile on charge gate voltage for thedN@/T
V) characteristics illustrated id 10 Capacitanceoltage (GV) characteristics
of the simulated NWT with six different cregstions
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Table 4-3 Qu(Vs=0.600V), G (Ve=0.600V) and @/Cg ratio at identical
(Ve=0.00V) for NWTs at ¢=12nm. With crystallographic channel orientatic
<110>.

Qu (x10%cm) Cs (fF/cm) Qu/Cs (10Y/F)
_ 2.126 0.929 2.2876
Circular
o 2.374 0.996 2.3839
Ellipticaly
o 2.581 1.015 2.5429
Elliptical>
1.972 0.905 2.1784
Square
2.266 0.985 2.3005
Rectangular
2.480 0.996 2.4888
Rectangular

Table 4-4 Qu(Vs=0.600V), CG (VG=0.600V) and WCc ratio at identical Qu
(VG=0.00V) for NWTs at d=12nm. With crystallographic channel orientatic
<110> where the structure is rotated Bgr.

Qu (x10%cm) Cq (fF/cm) Qu/Cs (LOY/F)
2.1476 1.0094 2.1275
Circular
2.6362 1.1683 2.2562
Ellipticaly
2.964 1.1907 2.4892
Elliptical,
1.992 0.9834 2.0260
Square
2.527 1.1734 2.15386
Rectangulay
2.765 1.1632 2.37758
Rectangulag
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Table4-5 Qu(VG=0.60V), & (V6=0.60V) and Q@/Cg ratio at identical Qu
(Ve=0.0V) for NWTs at £=12nm. With crystallographic channel orientatic

<100>.
Qw (x10%cm) Ce (fF/cm) Qw/Cs (10"/F)
2.3579 1.0038 2.3489
Circular
2.6101 1.0758 2.4260
Ellipticals
2.934 1.0964 2.6765
Elliptical
2.17960 0.9780 2.2285
Square
2.50250 1.0805 2.3159
Rectangular
2.738 1.0711 2.5564
Rectangular

4.8 Effect of Quantum Mechanics on SS and DIB

Figure4-11 depicts the effects of gate length on DILB (definea®s/qd/p) and on the
subthreshold slope (SSNoticeabledifference can be observed in the electrostatic integrity
between the NWTs wittlifferentcrosssectional shapes, with the circular nanowire and the
prolonged elliptical nanowire performing marginally better than the others. The quantum
effects have less influeacon DIBL and SS compared to their impact on ef &d G,
where the difference is approximately 11 Ptgure 4-12 and Figure 4-13 depict the gate
length dependence of the error between the classical and QM estintd#Lof and SS

respectively. The error is gate lengépendent ang inversely proportional to gate length.
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For DIBL, the error increases from few percent to approximately 7% with a decrease in gate

length from 20 nm to ~10 nm. The equivalent error for SS increases from ~0.5% to ~3.4%.

68
G-© Circular
67 =& Elliptical 1
> Elliptical 2
66 AA Square
<4< Rectangularl —~
%\65 Rectangular 2 E
e, >
> 64 g
g =
aa)
2 63 =
62
61
%10 12 14 16 18 20 10 12 14 16 18 2

Gate Length (nm) Gate Length (nm)

Figure 4-11 Impact of the gate length on SS and DIBL for NWT with six indivi
crosssections.
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Figure 4-12 Percentage error (%) when using DD simulation withc
quantum corretions for estimating DIBL.
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Figure 4-13 Percentage (%) error when using DD simulations withi
quantum corrections for estimating SS.
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4.9 Optimum Cross-Sectional AspeciRatio

It has been clearly demonstrated thatdiesssectional shape oN WT @atehas strong
impact on gate capacitandg and mobile chargeQw in the NWTs. It has been
demonstrated that the NWT with <110> channel orientation and elongated elliptical cross
section where the long diameter is patdatiehe Si wafer surface exhibits the highest mobile
charge for any given gate voltage. The major to minor axis ratios<{&osen aspect ratio
[AR]) have been highlighted as a important design parameter determining the device
performance. Nonethekgsexperimentally NWTs are still typically produced in two
versions: circular (or elliptical) NW@nd nanosheet (or nanoslab) FET. Each version comes
with its own advantages and disadvantages. The fundamental difference between these tw
versions remainthe crosssectional AR. However, critical design questions addressing the
optimal NWT crosssectional aspect ratio, remain unanswered.

In an attempt to remedy this situation, the effect of varying the AR of GAA NWT while
keepinga constant crossection& area has been investigated. Arerestingfinding
emergedrom this investigation was that the observed signatures of isotropic/anisotropic
charge distributions exhibit the same attributes as the golden ratio (Phi).

The structure, and dimensional cheteristics associated with NWTs suitable for 5 nm Si
CMOS technology will be investigated, along with the ratio of quantum mobile charge to
gate capacitance, using the intrinsic de
performance. Quantum ebnement effects are also considered to enth@acuracy of the

simulations.

The NWT structure comprises a single lateral NWT. To evaluate optimal AR, the NWT
structure illustrated ifrigure4-3 is utilised. Here the Si emnel is wrapped by a 0.4 nm
SiG IL and a 0.8 nm HF&(High-K) layer in the gate region. The channel doping level is 1
x 10%cm?, rising to 1 x 18/cm?in the extensions, and to 4 x?¥@m? in the source/drain
regions. The »axis is used for chargeatnsport direction alignmentable4-6 outlines the
crosssectional dimensions f& elongated ellipticathapenanowires with matching cross
sectional &.Me dNWT yautis dirbeter ranges between Q4n to 90 nm,
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whilst the corresponding diameter along thaxis ranges étween 0 nm to 4.44 nm.
Consequently, the associated aspect ratios vary betweeb t8.@249. Crosssectional
dimensions include wires representing &md 1/Ph(numeriq [186].

PS quantum corrections deliver a precise charge distribwtithin simulated NWT
channelsFigure4-14 depicts Phi ovals graphically represented on a 2D @esson at the
centre of the gate. The analysis of isotropic charge distributions resulting from the PS
simulations exhibit idetical characteristic$o the golden ratio. Whilst charge distributions

are voltagedependent, phi oval signatures are observed at all gate voltages.

In order to make an unbiased assessment of the influence of NWTsemtgmal
dimensions on device perfoancesFigure4-15illustrates the gate voltage dependence of
the the quantum mobile charge in the channel for the nine NWTs summarissoled-6
Alignment of Qu-V curves is achieved via amendment of the gate work function. The most
interesting finding from the @-V¢ features illustrated ifigure4-15is that the NWT with

Phi and 1/Phi aspect ratios deliver the highest quantum charge when compared with all othe
NWT scenarios. In addition, the lowest chargéhwi the channel is associated with the
NWT with a perfectly circular crossection when compared with the charge indhannel

of elliptical devices

Table 4-7 and Table 4-8 compare the simulated gatapacitance (€) and the mobile
guantum charge in the channel jomit-length (Qu) at specific gate voltagesc\for two

crystal orientations, <110> and <100>. Hdb) has shown that @is directly proportional

to the NWT gate capacitance. Consequerdiyering NWT gate capacitance also results

in a lower mobile charge within the channel and therefore poorer transistor performance.
Both tables indicate that for either crystal orientation, the capacitance is greatest for the wires
that conform to the dden ratio. In addition, for wires with the <100> channel orientation,
the charge in the Phi and 1/Phi examples is practically the same due to identical effective

masses in Y and Z directiofis35].

Therefore, it ould be suggested that the two recent research attempts to construct NWTS
withcrosssect i onal ARalljlancd rARAa &.r5 NUY have tot NW
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taken into consideration the fact that AR is an important design factor determining the NWT
performance (NB in this investigation, t
AR 02) .

Figure 4-16illustrates the -V characteristics of the simulated NWTs. Consistent with the
data obtained thus far, the NWT with AR equal to Phi or 1/Phi exhibits the largest ON

current and this is valid at both low and high drain voltages.

Figure4-17 highlights how the intrinsic delay Waries with the gate length. The intrinsic

delay U is directly inversely proportion

) (4-6)

where CG represents the total gate capacitance, and the effective current is given by:

© O 4-7)

where

ln=Ip(Ve=Vop, Vo=Vb0/2)
IL.=Ip(Ve=Vbp/2, Vb=VDD)
Vpp=0.60V

And the leakage current is given by

lo=0.60 HA/Um
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Figure4-17 shows that the NTWs with dimensions 8.1nm x 5nm and 5nm x 8.1nm have the
shortest intrinsic delay. The assessment of the intrinsic delay corroborates the results o
Qm/Ce summarised iTable4-7.

Table4-6 Physicaldimensions of the crosection of simulated NWTs

Z(nm)x Y(nm) Y/Z Area (nnd)
4.44x9.0 2.0200 10.0°
5.0x8.1 Phi) 1.6200 10.0°
5.7x7.0 0.8100 10.0°
6.0x6.66 0.9 10.0°
6.32x6.32 1.00 10.0°
6.66x6.0 1.110 10.0°
7.0x5.7 1.220 10.0°
8.1x5.0 (1/ Phi) 0.620 10.0°
9.0x4.44 0.490 10.0°
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Figure 4-14 The charge distribution in the 5.0 nmx 8.10 nm NWT ceasgion (obtained
from the Poissoischrodinger simulations) and Phi ovals (white ovals).
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Table 4-7 Qw/Cg ratio at identical Q1 (Ve=0.0V) for NWTs with
crystallographic channel orientation <110>.

A = o A0 e o
Y (nm) (x107/cm) 19 /cm)
<110>

4.44x9.0 2.733 1.140 2.390 o
5.0x8.1 2.842 1.147 2476 %
5.7x7.0 2.750 1.129 2.439) =
6.0x6.66 2.580 1.109 2.3260) é
6.32x6.32 2.548 1.109 2.290 Circular
6.66x6.0 2.631 1.116 2.350) T
7.0x5.7 2.773 1.135 2.4401 g_;
8.1x5.0 2.892 1.160 2.4910 ;
9x4.44 2.727 1.137 2.3989 §|

©06.32x6.32
- 6x6.66
6.66x6 :
4.44x9 y /A
<4<49x4.44 ' A/ -
z'A_AS.?X’? 1 0 sl
»©7x5.7
=85x8.1
e08.1x5

(=]

[
=)

._.
OI

10

Log, ,(Electron Density x10 6cm_3)
Electron Density (x10 ‘em™)

e 04
Gate Voltage (V)

Figure 4-15 Gate voltage versus the mobile charge in the mid of the che
for the NWTs with different crosection aspect ratio and same creestional
area. The crystallographic channel orientation is <110> and LG= 12 nm.
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Table 4-8 Qu/Cgs ratio at identical QM (VG=0.0V) for NWTs wit

crystallographic channel orientation <100>.

Z(nm)x Ce

Qm (10

:
Y(nm) (x107lcm) lOFlcm) QM/CG (101 /F)
<100>
4.44x9 2.732 1.135 2.407 o
]
5.0x8.1pPhi|  2-890 1.159 2.492 c
5.7x7.0 2.779 1.138 2.444 =
6.0%6.66 2.640 1.118 2.360
6.32¢6.32 2.610 1.116 2.337 Circular
6.66<6.0 2.640 1.118 2.361 _o-g
&
7.0x5.7 2.779 1.138 2.442 2
pd
8.1x5.0 2.891 1.159 2.491 §.
9x4.44 2.7132 1.134 2.409
I ' I 23.0
10° ¢ 6.32x6.32
4 6%6.66 il
6.66x6 55
—_ c4.44x9
g '<H2x74.z714 .
2aas, .0 —
2 107 0357 g
) =8 5x8 =
- 1.5<
=T E
— E .
§ 10° _1.0~
_05

0.4

" Gate Voltage [V] '

Figure4-16The impact of all 9 crossection AR on the{Vs characteristics.
Dashed curves are atp#0.050V, and solid curves are ab¥0.70 V. L=
12.0 nm with <110>crystallographic channelientation10>.
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Figure 4-17 Impact of 5 different gate lengths ¢€18nm) on the intrinsic
delay (U) for NWT-sectioniAR cluBlingdz 12.0
nm with <110>crystallographic channel orientation.

4.10 Design of experiment

A more systematic design of experiment waagdesghe way in which NWTs FOM interact

with other parameters associated with Afgure 4-18 depicts the design of experiment,
including the impacts of gate length, effective oxide thickness and NWT-geotisnal
dimensions ondk, lon and SS. The focus is on 5 NWT, threedimensions (4nnx4.6nm,

5nmx 8.1nm and 6nnx 6.9nm) withcrosss ect i onal %r d&s P(sd 6 n |
1 0 . 3 %)involving the golden ratio in the design of experiment. In this studytbely

<110> channel orientation was investigated.

The results indicate that the highest drive current is observed for tHeviitWthe smallest
gate length and oxide thickness. The SS mirrors the electrostatic integrity of the transistors

The NWTs possessing a long channel with narcoygssectionaldimensions offer greater
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gate control, resulting in a steeper SS. Redudiegneinowire crossectional area from
41.5 nnt to 18.56 nm (while keeping the same cressctional aspect ratio) offers in the
region of 1.4mV/decade and 8mV/decade SS for respective gate lengths of 18nm and 1:

nm.

Notwithstanding these marginal electaig&c improvements, drive current of the device is
diminished by 38%. Reducing the gate length while increasing the NWT-sgossnal
area can raise the drive current, but then the influence of parasitic effects becomes :

significant issue leading to daced performance when compared with larger NWT based

08 10 12 14 16

Losr (mA/pum)
5.3E-11 2E-9 6.6E-8
SS (mV/dec)

60.1 66 70 74

Figure 4-18 Experimental design (4D) for NWT and the effects of the &V
dimensions, Oxide thickness, andan lo, DIBL, Vr, and bn.
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devices. The NWT with gate dimensions 12h6nm exhibits an acceptable traofé

between theoh, losf and SS.

4.11 Conclusions

The quantum mechanical impact on the electrostatic performance of NWTdestmiab
CMOS technologies at and beyondnf mark have been investigated. It has been
highlighted how the shape of NWiiifluencesthe gate capacitance and the mobile charge

in the channel. Furthermore, circular and elliptical NWT, with channel orientatiidrs>

and <100>, have been investigated showing enhanced performance (with respect tc
el ectrostatic dri ven wgnatioovhenaompaesd with shuatei n
and rectangular ultracaled GAA NWTs. For instance, the circular and ellgytanowires
exhibit a greater quantum mobile charge @ the channel and also a highem(Qg) ratio
compared to the square and rectangular nanowires. In addition, the results show that the 2
charge profile and the quantity of charge in the chanepénd on the channel direction.

For instance, all nanowires with the <100> channel have approximately ~11% greater
mobile charge compared to the <110> nanowires. Such findings are important for
determining the optimal desigrmd NWTs. Signatures of isotipic charge distributions
within Si NWTs were observed exhibiting the same attributes as the golden ratio (Phi), the

significance of which is well known in the fields of art and architecture.

The research demonstrates that the quantity of mobile ch#tge thie channel, along with

the intrinsic speed of the device are determined by device geometry and may be affiliatec
with the golden AR (Phi) of the nanowire transistors. This investigation has demonstrated
NWT with aspect ratios equal or close to tloédgn ratio (Phi) can enhance gate capacitance
and mobile charge in the channel and therefore could optimise the intrinsic speed of the
device. We have also investigated the influences of the gate length on the time delay an

the main FoM, such astVYlos and bx and DIBL.
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5.1 Introduction:

The semiconductor industry must continually cope with performance erddatgrs
including shortchannel effects, high leakage current, and other issues associated with
highly-scaled fanar metalboxide-semiconductor fielgffect transistors (MOSFET$Y4],

[190]. The Fin field effect transistor (FINFET) has been developed in an attempt to overcome
these isues, with 7 nm FinFEsltechnology presently receiving much attention in research
and developmeni91]. Whilst it is necessary to reduce FInFET size in order to retain scaling
[4], statistical and process variability both increase as a result of the reduced FinFET
dimensiong5]. The difficulty involved in FinNFETSs scalinigcrease with the Fin shape and
geometry becoming difficult to manage when the fin is made slimmer and elongated in an
effort to maximise drive current. Nanowire transistors (NWTs) have therefore been
proposed as a potential FInFET, replaceniéht The nextgentechnology node could
indeed be served by the gatikaround NWTs as an alternative to FinFETs due to their

superior electrostatic integrif@8].

The semiconductor industry is now focusing on the possibility of a 15% increase in the
saturation currenflsa) needed beyond 7 nm technology nodes in to deliver the expected
performance increase. For the 5 nm technology transistor, there is an approximate 1.
mA/um lsattarget, withTable5-1, Figure 5-1, andFigure 5-2 presenting three technology
nodes alongside the 14 nm FinFET.
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Previous researcfiO], [11], [192Jladdr esses t he potenti al t
performance issues through the fabima of a single transistor with two lateral nanowire
channels. In order to increase the drive current, taller fins must be fitted to the 7 nm FIinFET
chip. However, the verticallgtacked lateral Si NWT would have a smaller chip footprint

and would be shter,comparedo the FinFETcounterparts.

Fin FET

Triple Channel

Double Cannel

Single Channel

Figure 5-1 Comparison of Intés 14nm FIinFET and 5 nm NWT with one, two, a
three lateral channels.

For each new generation, a 15% increase in saturation current could be achieved using $
NWTs, as a result of their electron transport characteristics. Performance improvements cat
also be realised through the usdestrain in the channel; through the inclusion of miaiteral
channels within devices; and by engineering the channel orientations;seobssal
geometries and other design parameters of the transistors. Furthermore, device structur

engineering cadd also provide better balance between leakage currents and performance.

Much of the existing literature has explored only singiannel NWT in simulation, with

very few studies simulating muliiateral 5 nm node NWTs at the time of conducting this
resarch. For this reason, this chapter attempts to address this shortcoming and discuss tf
simulation of NWTs with multiple channels and various channel lengths. Contact resistance,

nontequilibrium transport and quantum confinement effects are all takeadodoint during
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the simulations in order to provide reliable and accurate results appropriate fordugleigt
NWTs. Importantly, this chapter also aims to address two main questions: firstly, whether
a singlechannel silicon (NWT) at 5 nm technology mods able to achieve the
semiconductor industry target; and, secondly, if this is not possible, what number of

nanowire channels are required in a single NWT is in order to reach this target.

The following section of this chapter describes the dewvigkilst the simulation
methodology is presented in Section 5.3. Section 5.4 discusses the calibration methodology

The results are presented in Section 5.5 and Section 5.6. Finally, conclusions from the
simulation are presented in Section 5.7.

1.6 Q @®® 15% increasing in drive current

N
§ Snm NWT

E A

s 14 ®

<< S

E I

3 [N
- 1.2 ‘o\
Intel 14nm FinFET —S®

W6 8 10 12 14
Technology Node [nm]

Figure 5-2 Saturation current scaling target frob# nm to5 nm technology.

Table 5-1 Layout pitch and corresponding saturation current for8¥m)
technology.

Node 14 nm 10nm 7 nm 5nm

Layout pitch 42nm 29nm 21nm 14nm

lsat X15%(mMA/um) 1.0400 1.190 1.373 1.580
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5.2 Device Desadption :

The previouschapter elucidated the relationship between performance, electrostatic
integrity, quantum effects and cressctional geometry in highlgcaled NWTs. The results
demonstrate that the strongest performance is found in NWTs withaaliptbsssections

compared to the performance NWTs with circular and square-seatisns.

The current section analyses the performance ofcdiannel gatall-around NWTs with
elliptical 7 nm x 5 nm and 8.1 nm x 5 nm cregstions. Each of the simutak devices has

a 0.4nm SiQinterfacial and 0.8nm Hf®(High-k) gate dielectric layers. As illustrated in
Figure4-5 and4-6, doping concentrations efL.0'/cm?, 1F%cm?® and 4x18%cm® were used

in the channel, extensions and source/drain, respectiMedystudy includes simulation of

10 nm, 12 nm, 16 nm and 20 nm gate length NWTs, with sindmuble and triple
channels. The source/drain contacts were set at the tops of the devices in each case (s

Figure 45) for overall device structure).

5.3 Ensenble Monte Carlo (EMC) Simulation:

Charge transport and performance of a single nanowire NWT was analysed using Ensembl
Monte Carlo (EMC) simulations including band structure, relevant scattering mechanisms
[193], [194], volume inversioh195], and other physical relevant for Si NWT scabetbw

14 nm. As a result of the impact of confined acoustic phonon and body thickness variation
induced scatterinfd.01], a rapid reduction in mobility been observed below 4 nm. Extensive
downward scaling of NWT thicknesgs also been achieved, with a RBarm nanowire
diameter. Significant quantization effects can observed in the nanowiresexdgm, as a
result of a high electric field and small confinemelimensions[196]. Consequently,
discrete sulbands are formed from the conduction band, with the maximum charge density
trends shifting towards the channel centre and away from the-oxatia interface. These
guantum effects impact device properties amabd therefore be taken into account when

analysing device performance. Thus, in this study, the impact of quantum confinement
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effects on saturation current are explored using acsalistent thredimensional quantum
mechanical Monte Carlo (3MC) simuator. The primary benefit of quantuoorrected 3D

MC simulation approach is the ability to simulate the quantum effects across the entire NWT
structure. Furthermore, this approach also takes into account the transition of electrons
between quantized stateresulting in greater accuracy when -sglfisistently calculating

nonequilibrium electron distribution and current.

The MC methogrovidesa directsolution to the Boltzmann transport equation (BTE), and
therefore can capture naguilibrium, quasi balstic transport in nanometre scale
semiconductor devices. It is suitable to apply to the simulation oFE nanowire
transistors and other novel 3D transistors. Furthermore, it is more accurate and predictive
compared to drifdiffusion (DD) simulations The smaller the transistor the more fion
equilibrium the transport becomes with carrier heafit®7] and with an increasingly

significant velocity overshoot as a ntotal effect.

The Ensemble Monte Carlo (EM{1)98] approach with Poisse@chrédinger (PS) quantum
correcions was adopted for the purpose of these simulatidgsnentioned before the
Monte Carlo approach provides a direct solution to the BTE. The method takes into account
key electron scattering mechanisms such as -irdral intefrvalley electrorphonon
scaterings, surface roughness scattering, ionised impurity scattering, and the stochastic
characteristic®f electron transport. The k-p method was also utilised to calculate-a full
band structure, which was approximated with and analytical band structde¢comprised

of ellipsoidal norparabolic valleys. The movement of hundreds of thousands of particles
within a field distribution was tracked in order to achieve-seffsistent simulation, with
Poissonbds equati offs Jel3PEMG smulatiorBbBgarewitte initial 0 .
conditions set as the DD solution and the corresponding potential profiles and charge
distribution. During simulation, sefonsistent timevarying electrostatic potential and field
distributions were upheld through the solutiohthe linear Poisson equation and the
application of @ correction. In highlyscaled channel transistors, the-BDIC simulation
approach has been shown to offer high levels of accuracy in forecastistp@Nransistor

performance and in the handlingradn-equilibrium transporf199].



Chapter 5. Performance of Si NWTs 112

The b-Ve characteristics obtained from the DD and Mé&sed NWT simulations (see
Section3.2) are illustrated irFigure 5-3. In the case of hightgcaled NWTs, DEbased
simulation is unable to capture the peguilibrium effects, although many recognise the
efficiency and stability offered by the approach in alternative scenarios, with DD simulation

being for large compk structures including external contacts.

Log 0 [ID] (mA/um)

L | L | L | | L
0 01 02 03 04 05 06 Y

Gate Voltage (V)

Figure 5-3 Ip-Ve curves of 7nm x 5nm silicon Nanowire simulated by two methot
Monti Carlo MC and drift diffusion DD. Dashed lines correspond to high drain voli
Vp=0.7V, while the solid lines are for low drain voltage=0.05V. The gate length ¢
NWT is 12 nm.

The results of the MC simulation deliver drain currentpof11.16 mA/um at high drain

bias, with a marginally lower drain current than the DD simulation results at low drain bias.
The results demonstrate thithe DD simulation does not provide the desired accuracy in
forecasting ONstate transistor performance despite the incorporation of density gradient
guantum correction for charges. The DD and quartamected MC simulation
subthreshold slopes are similBD calibration is then performed in respect of the quantum
corrected MC simulation results. This step allows the DD approach to fully capture the
MC/PS simulation results. The calibrated DD model then can be used to simulate complex

multichannel NWTs andbtcarry out statistical variability and reliability simulation, as well
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as a simulation of the interplay between these two elementBi(gee5-4 for a highlevel

simulation flowchart).

Drift-Diffusion Simulation

Sclf-consistent solution of the (i) current
continuity, (ii) 3D Poisson and (iii) 2D
Schridinger eauations

— 1 D

g \
Initial MC ] [ MC results for

conditions mobilitv calibration

\ |

Ensemble Monte Carle Simulations

3D Poisson equations

' A
Electric potential and
field distributions

Electron position,
wavevector and

energy
v :

Electron drifting and scattering

Figure 5-4 The simulation tool calibration flow chart.

5.4 Dirift Diffusion Calibration

Whilst the MC approach is widely recognised as being amongst the top transistor simulation
approaches in terms of accuracy, it places immense strain on the CPU[23@Qe
Furthermore, the computational speed, efficiency and flexibility of the DD method has been
found to be supplememtato the accuracy of the MC simulation approach. For instance,
using a 3.00GHz Intel Xeon 16 Core CPU, simulation of each bias pdiuke5-3 was
achieved in just 58 minutes using the DD approach,9&ndours using the MC approach

(1% error, mesh = 0.2).
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Table5-2 The mobility models and other parameters with the corresponding re¢
of |-V characteristics on which they havajor impact.

Parameter Mobility models

Major impact on-V region

Density gradient effective mass

Subthreshold; Low drain (LD
and high drain(HD)

Work-function

All; shiftin VG

Low-Field mobility models

Low drain(LD); above threshold

PerpendiculaField mobility
models

Low drain (LD)

LateratField mobility models

High drain(HD)

Drift diffusion calibration is conducted in order to identify the DD simulation parameters
suitable for reducing the difference betm the results provided by EMC simulations. Here,
the density gradient confinement effective magate work function, and mobility models

with their corresponding parameters are amongst the parameters selected for calibration.

Ip-V g calibration is condcted based on a thrstages strategy, with the first stage targeting

the subthreshold region, the second stage targeting the low field current voltage

Here, theimpact of each parameter calibration stage is virtually independent on the
following stages. The mobility models and additional parameters along with the relevant |
V characteristic areas that they most significantly influence are illustrat€édbte5-2. An

oxide interface is found in the NWT structure during the calibration first stage, with a density
gradient quantum correction carrier confinement effective masses noetinattion (n9%9)

and ydirection (M%). These affect thesubthresholdslope (SS) by way quantum

confinementso decrease i n effective

characteristics, and the third stage targeting the high field current voltage characteristic.
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calibration of the density gradient effective masses has already been carried out, it does nc
need to be changed at this stage. Modification oiitrdx function at any of the calibration
stages realigns therV

In the (Poissotschrédinger (PS) / DriDiffusion (DD)) simulation, up to three mobility
models can be selected to use in a given simulation: 1)flsdedvmobility (that considers
ionized inpurity scattering); Arora mobility mod§l49], Masetti mobility mode]148], and
Philips mobility model[150]. 2)Perpendicular fieldependent mobility (that considers
surface roughess scattering); YamagudHii51], Lombardi[152], and thinlayer mobility
model[153]. 3) Lateral fielddependent mobility (for velocity saturation); Caugfidhonmas
velocity saturation moddlL54]. In this work, the following three carrier mobility models
have been used, Masetti, Lombardi, and Caydihomas.At low Vp, the NWT b-Vg
characteristics are determined by theissid mobility for a gate voltage around and just
above \f. then the device calibration process is the calibration of the compléte |
characteristicgit low drain bias. Durinthe 1% calibration iteration a perpendicular electric
field model has beeactivatedand the lateral electric field model disabletthe final stage
of the calibration process, the complateVlc behaviour at high appliedpvis calibrated.
During the frst calibration iteration a lateral electric field model has been enabled and the
perpendicular electric field model disablekt. all stages of the calibration ther\¢an be

realigned bymodifying the work function.

5.5 5nm NWT: MC simulation

Simulations dthe b-Vc characteristics of the NWTs under consideration are carried out
following the aforementioned methodology. TheMc characteristics of a 14 nm FinFET
transistor is compared to that of a singleNSVT simulation inFigure5-5, with the results
benchmar ked against t h eurrebt of NL/H8 NGANIA.SThis wasa r ¢
justified during the introduction. Alignment of the two characteristics provides the same
leakage current. The results demonstrate that the 14 nnkEFih&s a lowerak than the

single nanowire transistor at both high and low drain biases. Here, SS is approximately 62.5¢
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[mV/dec], while DIBL is approximately 9.04 [mV/V]. Although the drive current of the
single NWT is higher than the drive current loé tFinFET, thesk: value falls significantly
short of the 1.58 mA/um target at hidb.7V) drain bias Figure 5-5). It should be
highlighted that all currents shown kiigure5-5 arenormalisedby thetransistor pitch (see

Table5-1).

2
10 @ Tntel 14nm @ 42nm pitch (Experimental)
o9 NW Snmx7nm @ 21nm pitch
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Figure 5-5 Ip-Vg characteristics of Inté 14 nm FIinFET (experimental) comparable
the performance of 5 nm Si NWT BIEC simulations). Lg=12nm for the NWT. Dashe
solid curves representpdVe characteristics at drain voltage @0V and 0.050V

respectively.

5.6 Strain and channel orientation effects

Chip manufacturing is based dhcon, despite the potential use of Ge, GaAS, InGaAssInA
[201] and other highmobility materials for the enhancing of the NWT performance. The
performance of silicotbased transistors can be improved by suitalsfaceorientation and
channel directiorchoices.The Si NWT performance and mobility can also be further

enhanced through the introduction of str§#®2]. Therefore, identifying solutions to
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achieve the highest strain levels possible at the present time is a high priority for the
semconductor industry. Recent research reports a successful attempt to move significantly
beyond the limits of SiGbased virtual substrates by using a 4.5% elastic strain of 7.6 GPa
uniaxial tensile stress in Si nanowires with a width of 3J208]. In traditionalFETs, high
STl-based compressive stress result in a saturation current of scaled <110> nFETs bein
close to <100> nFETs. The velocity saturation of <110> pFETSs is lower than that of nFETS,
with mobility also being higher in <110> pFETs compared to <10@Tgkrendering the
scaled <110> pFETs more preferalp®®4]. Significant research is focused on <110>
surface orientation, which has been heavily adoptegteall-around FETs, FINFETs and
other FET structurel05].

Extreme downward scaling of NWT diameter to 5 nm has been achieved. Significant
guantization effects care seen in the corresponding NWT4.96]. Consequently, discrete
subbands are formed from the conduction band, with the maximum charge density shifting
towards the channel centre and away ftbm metaloxide interface. It is also possible for

the charge density to have @otropic distribution. These quantum effects have an impact
on deviceperformanceand must therefore be taken into account during device simulation
analysis. Therefore, th&gudy investigates the impact of the quantum mechanical effects on
the NWTSs saturation current using a smfsistent thredimensional quantum mechanical
Monte Carlo (3BMC) simulation approach. The ability of the quantaarrected 3EMC
approach to capte accurately the quantum effects is one of the main advantage of this

approach.

We begin by analysing 7 nm x 5 nm NWTs with channel orientations of <110> and <100>
with regards to strain impact. Her eive axi
mass tensor must be converted, and thus the impact of switching between the <110> t

<100> channel orientation without strain must be assessed first.
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Figure 5-6 Ip-Vs characteristics compares the simulation results (MC) for f
stacked channels (7nm x 5nm) each NWT has a different channel orier
<110>and <100>. Lg=12m. Dashed, solid curves represasMs characteristics
at drain voltage 0.070V and 0.050V respectively. The gate length is 12 nm.

Figure 5-6 presents thepl Vg characteristics of7nm x 5nm) Si NWT with channel
orientations of <110> and <100> without strain. The mobile charge is higher in the <100>
channel orientation than in the <110>, in line with tmapter 4results.Therefore,the
channel 6s mobile charge increases when t
changed. Furthermore, 4% increase in saturation current is shown in the <100> NWTs
compared to the <110> NWTs. The crggstional area and shape are the same in both
NWTs.

The b-Vg characteristics for a SONWT rotation are presented Figure5-7. The b-Vg
resultsof the <110> NWTare largely the same as for the <100> NWT and unrotated NWT,
due to symmetrical charge distribution (as result of identical electron effective masses in the
principal confinement plane). Anisotropic charge distigiu occurs in the case of the
<110> NWT due to the differences between the electron effective masses. The results
indicate that NWT performance can be enhanced by changing the <110> channel

orientation, with NWT performance significantly impacted by ésmgetry.

The enhancedransport andsuperior electrostatic control of strained Si nanowires make

them viable candidate for further CMOS scaling. Consequently, there is significant interest
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in increasing the NWT performance by strain. The introductiontrains can result in
significant katcurrent enhancement. However, further research is necessary to explore this

possibility at NWT cross sections below 7 nm, taking into account also the quantum
confinement effecf206].

The key benefits of strain include reduction in the effective masses and increase of the ban
separation all increasing mobilif207], [208] The impact of strain on Si is discussed in the
existing literature[209]. However, the valley splitting due to quantum confinement can
minimise strain effect in transistors scaled transiskogsire 5-8 illustrates conduction band

constant energy el | i ps oachssthé cpohfinement glanesandx

uniaxial tensile strain, with theaxis denoting transport direction.
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Figure5-7 Ip-Ve characteristics compares the simulation results f6€two stacked channels (5nm x7nm) ea
NWT has a different channel orientations <110>and <100>. Lg=12nm. Dashed, solid curves repres
characteristics at drain voltage 0.070V and 0.050V respectively.

TheFigure5-9 andFigure5-10illustrate the $-V s characteristics of four single NWTs with
varying strain values and a ¥0> and<100> channel orientation respectively. The results
indicate that a£7% increase inditmagnitude and-21% increase in saturation current can
be achieved through the introduction of channel strain in the <110> and <h@@nrel

orientations, respectively. This being said, strain of 2.0 GPa still did not allow us to achieve

the target drive current in either case.
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Within the crystal unit cell, atom location is impacted by tensile strain, resulting in a change
in effective mass conductivity and band structure, with strained semiconductors
demonstrating changes in band edge curvature, band warping, band splitting and band edc

energies.

Figure 5-8 conduction band constant energy ellipsofdsgs)x valleys in silicon along the
confinement plane and uniaxial tinsel strain. The transport direction is-&xesx
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Figure 5-9 Ip-Vs characteristics compares the simulation results (MC) fo
(7nmx5nm) NWT with different level of tensile strain channel orientat
<110>. Lg=12nm. Dashed, solid curves represenVt characteristics at drain
voltage 0.070V and 0.050V respectively.
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Figure 5-10 Ip-Vs characteristics compares the simulation results (MC) fo
(5nmx7nm) NWT with different level of tensile strain channel orientat
<100>. Lg=12nm. Dashed, solid curves represenVt characteristics at drain
voltage 0.070V and 0.050V respectively.
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5.7 Vertically stackedlateral NWT

Whilst more difficult to simulate and manufaaumtroducing multiple channels in a single
NWT is one potential solution to enhaneg Perfootprint drive current deficiency could

be addressed through the development of vertisafigked lateral NWTs at the 5 nm node,
with reduced contacted gaich[11], [12]. The ITRS roadmap also incorporates vertically
stacked NWTg210]. The difficulty in simulating verticalhstacked NWTs stems from its
structure size, which remains an issue even with the adjustm#@ discretization mesh.
Direct simulation of multiple channel NWTs is computationally prohibitive using MC
simulation. The MC simulations cannot also take into account the contact resistance.
Therefore single channel NWT MC simulations with-lB¥&ed quamm correction were
performed for the purpose of calibrating
the verticallystacked NWT performanci11], [212]. Once satisfactory calibration has
been achieved, the verticakyacked lateral NWTs were simulated using the calibrated DD.
The verticallystacked NWT with 7 nm x 5 nm elliptical channel is illustrated in 3BEiguire

5-12.

Single, double and triplechannel devices of four gate lengths were compared and analysed
as illustrated irfFigure5-11. It was not possible to reach the target drive current in the single
channel NWT devices, meaning that the 5
could not be met. For instance, doubleannel devicek discounting the source/drain (S/D)
contactresistancé can exceed the target drive current in the case otatha.nm device,

but this cannot be achieved a=20 nm.

Based on these results, the target performance is achievable through the use of-a doubl
channel lateral NWT. However, this is gilossible if the S/D contact resistance is not taken

into account and the gate length is of a certain size.
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Compared to the 5 nm CMOS node target valuyd®%o)Isa:current values are significantly
greater for the tripkehannel lateral nanowires, asosm in Figure 5-11. Therefore, the
results indicate that the 5 nm CMOS scaling performance target could be safely achievec
through the introduction of three lateral channels stacked in a single NWT device. Still these

results do not take into account the S/D contasistance.

—e Single N §
10 "= Double s aras :

{
0

HIF
ug
‘IL
™
B
=

log,, (1) [A/um]
=

0 02 04 06 0 02 04 06
Gate Voltage [V]

Figure 5-11 Characteristics of theplversus the ¥obtained from calibrated DD fol
the NWTs with one, two, and threkeannels The DD is calibrated for each gat
lengths (10nm, 12nm,16nm, and 20nm). Dashed, solid curves represést
characteristics at drain voltage 0.070V and 0.050V respectively.
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Figure5-123D schematic view of the vertically stacked NT\Woflateral channels
and material details.
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5.8 Source/drain contact resistance

As noted, source/drain contact resistance (R) is not taken into account in the simulation
illustrated inFigure 5-11. In the simulation analysis presented here four values of R
conside ed as |l ump S/ D resistance (100 g, 501

is introduced at both the source and drain cont{&agsire5-12).

The results illustrated iRigure5-13, which doeshot include strain, illustrate the negative
impact of the S/D resistance aa IFor example, thedivalue is approximately 0.82 mA/um

for singlechannel NWTs, 1.49 mA/um for doubthannel NWTs and 1.92 mA/um for
triple-channel NWTs at a drain bias@f. 7V and contact resista
the doublechannel NWTs also fall below the targe¢urrent. Therefore, the introduction

of contact resistance into the simulations suggests that the 5 nm CMOS scaling requirement
cannot be met usindoublechannel NWTs. Conversely, the target value is exceeded by
triple- channel transistors, suggesting that performance at or above the scaling target cal

only be achieved using tripehannel Si NWTs.

Figure5-14illustratesan experimental design for singldouble and triplechannel NWTs
with10nmi20 nm gate | engths at a contacTher es
devices presented ifigure5-13 are shown again ifigure 5-15. However, in this case,
channel strain of 2.0 GPa is introduced. Here, the dexlidenel NWT exceeds the target
Isatcurrent across all R values, indicating that the industrial target could be achieved using

with two channels NWT.

As shown inFigure5-9, a singlechannel NWDs drain current can increase by 27% as a
result of 2.0 GPa straitdowever, Figure 5-15 demonstrates that the doubbnd triple
channel lateral NWTs show a gificant decline in the single channel drive current, which

is the result of a current path voltage decrease across series resistance at the S/D contac
and in S/D regions that are highly doped. In the deabdnel NWT the bottom nanowire
currentdecres es by 21. 6% at -chaine\NWT théhcurtest decreabes t

by 23.5% at the same resistance, between the channel and the contact.
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Figure 5-13 Characteristics of thepl versus the ¥ obtained by calibrated DD for the
NWTs with one, two, and three channels at four different ohmic corgaistance.

Lg=12nm. Dashed, solid curves represent/t characteristics at drain voltage 0.070
and 0.050V respectively.

5.9 Current density: series resistance effect

The single, double and triplec h a n n e | NWTs 6 Hustnatedan3D irFiherer s i t
5-16, which highlights the variance between current densities. Whilst the nanowires in the
triple-channel NWTs have the same crgsstional area, current density is higher in the top
channel (nearestotthe metal) compared to the lower and middle channels. This is
represented by the large red region near to the drain, with the red becoming weaker at th
second and third channels. Similar results are depicted for the ethariael device, with
greater arrent density in the top channel compared to the bottom channel. Therefore, the
results suggest that as the distance between the channel and the contact becomes greate

reduction in current density is experienced in each of the lateral channels.



Chapter 5. Performance of Si NWTs 126

The metal source/drain contacts are at the top of the highly doped source/drain regions,
which are the same for every NWT configuration. However, it is only the top of the
source/drain region that connects with the contact. Thuspphehannehasgreater cuent

density due to proximity to thmetal contact (se€igure5-16).
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Figure 5-14 Experimental design (4D) for stacked lateral NWT and the impadteo
number of stacked channel s, Lgsa( nm),

The current density of lateral NWT stack containing NWTs with varying cross section of 7
nm x 5nm (top), 7.4 nnx 5 nm (middle), and 8 nm 5 nm (bottom) is illustrated iRigure
5-17.Channels with larger crosctionsare able to conduct stronger currents than their
smaller counterparts, thus resulting in asymmetrical current density through the channels
Therefore, the same current could be sent through the stack from the top and botton

channels, at least in theory.
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Figure 5-17 (Top) the current density of NWT with three stacked channels-c
section. (Bottom) Slicing the S/D contact up ®nfiddle of the stack.

Figure 5-18(A) the current density of stack with three lateral NWTs: top>5fim,
5nmx8.6nm (middle), and 5rm®.4nm bottom. (B, C, D) the current density of sin
(5nnmx 7nm) NWTin the top, middle, the bottom of the stack.
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This theory, however, is refuted Figure 5-17where, it can be seen that current density
cannot becompletelyequilibrated by upscaling the diameter of the lower nanowires, with
the top and middle channels still having higher current density than the bottom channel.
Additionally, the figure als@lemonstrates that current density varies even when a-single
channel NWT is used in place of the stack (see B, C and D). This is due to the impact of the
increasing access length, and corresponding increase in the resistance of thddpigtily

S/D regions

As shown inFigure5-18, bringing the metal contacts to the side could be an option to reduce
the S/D series resistance, but the differences between the vertical placement of latera
nanowires and the respective lateral NWT diameters can have an impact on transisto

variahblity.

Whilst the use of stacked muldteral NWTs has been proposed as a solution, the
nanowiresd diameters wil/| i mpact the dri
the increase in the NWT diameter. Assuming that the esgonal area iscreased by

the same ratio, the following equation can be used to estimate the area:

61 Qdocdg g “ & xthd vidhoht@Q (5-1)

Here we investigate further the options the NWT based 5 nm CMOS node with integrating
double or triple lateral NWTs whilst incrsiag the vertical diametab x& ahw p.

Here, the cross ect i onal area wil/l be |l arger at
electrostatic integrity will baffected Figure5-19illustrates the increase in a single N&T
crosssectional area to double its sixehi ch 1 s equal to the st

crosssectional area (Si).

The doubl e -sétiidmabagea can loe &xgressed as:
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6 c _ _ “ p ﬁ’u é d
The tall single NW® s esectioratarea can be expressed as:

0 - — Y pwW £
Based on the results of the simulation, single increase area NWTs of the same gate lengt
are found to have worst SS and DIBL compared to the double NWiitkeFuore, double

NWTs are found to be better in terms of the total quantum charge to gate capacitance rati

than single NWTs of the same (Si) creextional area.
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Figure5-19 Single NWT with the same area of the double NWT. The current di
and charge distribution at Vg=0.7V, VD=0.7V, and Lg=12nm.

5.10 Single-, double- and triple-channel NWT capacitance

The simulation conducted in this ducomputes nanowire capacitances assC 0 @,V
where i and j represent the four device contacts: gate (g), source (s), drain (d) and bulk (b)
Here, bulk capacitance is excluded from the analysis. The gate capacitances related to th

gate contact are expressed as Cgg, Csg, Cdg and Clsgutice capacitances related to the
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source contact are expressed as Cgs, Css, Cds and Cbs; and the drain capacitances relate

the drain contact are expressed as Cgd, Csd, Cdd and Chd
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With the stacking capacitance of NWapidly increasing, it is not onlyd criteria that
should be considered when usiatgrally-stacked NWs. This is particularly true based on
the fact that modern CMOS technology is more often restrained in terms of power than
speed. Nonetheless, NWTs, FinFETs and other rgate MOSFET must still consider the
issue of parasitic capaaiices. A potential solution is the use of a diamsimaped 3D muki

gate transistoj213]

5.11 Optimization of 5 nm NWT

The connection between the cragstional dimensions of\NTs and electrostatic integrity
was discussed in deksin Section 4.8 of this study, which also highlighted that the lowest
intrinsic delays can be found in NWTs of 8.1mrBnm and 5nnx 8.1nm. These results are

based on the @Cg criteria.

The failure b meet theexpectedscalingperformance NWTs has been highlighted, in terms
of lon per layout pitch. It has been suggested that the introduction of strain to the channel
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can enhance Si NWTs6 el ectron tranenmodrt ,

geometry of the NWT189], [176], [206].

The simulation ofgd-V g characteristics for a <110> channel orientation 5«8ril nm (Phi)

NWT for four levels of strain is illustrated iAgure 5-20, which confirms that 27%
increase in the saturation current magnitude occurs with the increase of the channel strair
In particular 27% increase in NWT performance (compared to the unstrained NWT) has
been observed at a tensile strain of 2.0 G@d.the 5 nm CMOS industrial target is only

just met by thedh value, with the S/D contact resistance excluded from this analysis.

The results clearly demonstrate greateiin the 1/Phi NWT compared to the Phi NWT,
indicating the potential for highespeed applications. This being said, the CMOS device
density is minimised by the 1/Phi NMvhich hasanarrower footprintDrive current could

be maximised by high S/D doping, as shown in recent studies, which have gone beyonc
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Agure 5-20 Characteristics of theplversus the ¥ for 5.0nmx8.10 nm NWTs ¢
4 different tensile strain. with one. Lg=12.0nm, channel orientations <11
Dashed, solid curves represent-\05 characteristics at drain volge 0.070V
and 0.050V respectively.



Chaper 5. Performance of Si NWTs 133

doping levels of 18cm [214]; however, the development of 5 nm technology still requires
further work in the area of contacsrgtance. Phi NWToh is compared with S/D doping of

a maximum 1.2x18cm3, with contact resistancg00-2 5 0 §, and(107 22 nn) gate
length (Figure5-21). As illustrated in thd=igure5-21 lon value is 1.4 mA/um at the 5 nm
node with Lg=12[4n25],46hd R=2314 Y

The ITRS roadmap incorporates verticadhacked leeral NWT nanowires in order to
maximise peffootprint current and minimise contacted gate pitch. Vertiestyked Phi
and 1/PhiNWTSs are illustrated ifrigure5-23, with their bV e characteristics presented in
Figure5-22.

1.54
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o
18 .
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Figure 5-21 Correlation between NWT performancenfdnd S/D peak doping, S/l
contact resistance, and Lg. NWT cragstion is Phi (5.0nmx8.1nm) and chanr
orientation is <110>. bnis evaluated at ¥=0.70V.
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Figure5-22 Characteristics of theplversus the ¥ of vertically stacked of twc
lateral Phi (5.0nmx8.1nm) (red) and (8.1nmx5.0nm) 1/Phi (black) NWT

Vp=0.70V. The gate length is 12.0 nm. The crystallographic chai
orientation is <110>.

Figure 5-23 (left) Vertically stacked lateral NWT of both phi and 1/Phi. 1
gate pitch layout for Phi and 1/Phi NWTs.





























































































































































































