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Summary

Integrated electronics industry, since early 70s, realized how increasing the transistors
integration density was the key to push towards the performances in CMOS technology.
The notorious Moore’s law chronicled, for almost fifty years, the evolution of chip indus-
try. The main strategy to improve switching frequency, power dissipation and area was
typically the constant field scaling approach traced out by Dennard et al. at IBM in 1974
which was based on keeping the electric field constant by scaling down device geometry
and supply voltage by a constant factor to keep reliability unaltered and improving current
capability. In more aggressively scaled nodes the short channel effects (SCE) compromised
the feasibility of this approach leading to unbearable subthreshold leakage in planar MOS-
FETs. Multi-gate transistor technology soon became the most relevant solution to keep
pushing the Moore’s law and to mitigate SCEs.

Good quality models are then fundamental to exploit these kind of technologies pursuing
the ability to predict the I-V and C-V characteristics of multi-gate devices. The objective
of this work is to implement an accurate model in MATLAB for cylindrical section gate-
all-around MOSFET, avoiding fitting parameters relying on experimental measurements.
The focus is put onto the electrostatics inside the channel which give a meaningful insight
of the device behavior. This is done starting from the BSIM-CMG model, the industrial
compact model standard for multi-gate transistors developed by the University of Cali-
fornia, Berkeley.

After a first chapter which serves as an introduction, focusing on the main issues plaguing
scaled MOSFETs and the possible solutions, the main topics of the thesis are treated in
the second and the third chapters, dedicated to the DG-MOSFET and the cylindrical
Gate-all-around MOSFET models implementations and validation with TCAD extrac-
tions. The last chapter contains the conclusions of the work.

In the second chapter, the industry state-of-the-art double-gate MOSFET (DG-MOSFET)
analytical model has been studied, and a MATLAB model developed, solving numerically
the Poisson’s equation inside the channel for intrinsic and doped substrate using the per-
turbation approach based on the BSIM model. Accurate electrostatic potential and charge
density solution together with short channel effects corrections allowed to extract accurate
[-V and C-V curves which allowed to develop a compact model which has been validated
with physical-based device simulations (TCAD) in channel pinch-off and velocity satura-
tion conditions at the end of the chapter. The simulations show a good matching even
without process-specific fitting parameters up to Lg = 13 nm.

In the third chapter of the thesis, the DG-MOSFET model implementation has been used
to develop the model of a possible candidate for high-density logic and memory applica-
tions: the cylindrical gate-All-Around FET (cy-GAAFET). An analytical model based on
the electrostatic study of the channel for intrinsic channel, already present in literature has
been implemented in MATLAB solving the Poisson’s equation self-consistently with the
gate bias equation. The limitation of this model is the assumption of intrinsic substrate.
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In this work a proposed solution to overcome it is to employ the perturbation approach,
similarly to what has been done for the inFET. The MATLAB implementation of this
model is then developed, which is able to extract the potential profile inside the channel
for a wide range of operational conditions. The model also takes into account SCEs which
are modeled as potential corrections in the Poisson’s equation so to be seaminglessly in-
cluded into the model and predict accurately also the current degradation. I-V and C-V
curves have been extracted and validated with TCAD physical simulations.

To validation of the MATLAB model is performed with Sentaurus Device TCAD for
which a cy-GAAFET 3D structure has been developed from the ground-up and from it
the extraction of output characteristics and transcharacteristics has been done. The vali-
dation shows good matching down to gate length L, = 13 nm , in particular 18 nm shows
relative errors of the ON-current lower than 5% for a wide range of Vpp. The cylindrical
GAAFET model shows better results compared to the DG-MOSFET’s one at the same
gate length because of the better electrostatic control the surrounding gate has on the
channel, which limits the short channel effects that are more difficult to be fitted without
empirical parameters and are the main contributors to the overall error of the models. In
any case fitting parameters can be extracted from physical-based simulations to reduce
the error. The compact models obtained by the analytical models, are well-suited for
system performance evaluation simulators, such as TAMTAMS (previously developed at
Politecnico di Torino), for this reason stand-alone PMOS and NMOS MATLAB codes
have been developed to provide useful elements for this task.
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Chapter 1

Introduction

1.1 From the origins to the state of the art of inte-
grated electronics

The future of integrated electronics is the future of electronics itself (Moore [1998])

In 1965, Gordon E. Moore, head of R&D and co-founder of Fairchild semiconductors,
taking advantage of a privileged point of view on the semiconductors industry, Moore
[2006a] was able to deeply grasp the impact semiconductor integrated technology for
digital and linear applications would have on the entire industry and society and, also,
to extrapolate the trend over the years of the complexity of the integrated circuits cor-
responding to the minimum cost per component. This trend, that will be notoriously
called Moore’s law, showed an increment in complexity for minimum component costs
of roughly a factor of two per year. It was expected to held up for a couple of years
but instead the prediction applied much longer. In 1975 The Moore’s law eventually was
updated (Moore [2006b]), predicting a doubling of the complexity every two years. The
Moore’s law chronicled the evolution of integrated circuits since then and became the
standard CMOS technology development benchmark, setting up, year by year, the next
technological goal, for almost fifty years (Wong [2021]). But why increasing the transistor
count inside a chip is so important?

Chip industry since its dawn has pursued the device scaling for achieving density,
speed and power improvements at the lowest production cost (power-performance-area-
cost, PPAC) (Taur and Ning [2021]). To improve PPAC, minimum size of the transistors
has historically been reduced following the proposed constant-field scaling approach by
Dennard et al. at IBM in 1974 (Dennard et al. [1974]). In this way all the device voltage
and geometrical quantities would have scaled down by a constant scaling factor k in
order to maintain the electric fields constant so that the reliability of the device remained
unchanged. Also, keeping the electric field constant will reduce the mobility degradation
and impact ionization effects.

In order to keep up the Moore’s law pace, the scaling constant has been reduced by
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Introduction

approximately x0.7, that is k ~ 1.4, every technological node (Bohr and Young [2017]).
Increasing integration density, the number of dies per wafer that can be fabricated will
increase, reducing recurrent costs. Furthermore, all the capacitances (proportional to area
and inversely proportional to thickness) are scaled by k implying circuit delay times which
scale as 1/k. Also, power dissipation per circuit will be aggressively scaled as 1/k? because
of the simultaneous scaling of drift current and voltage (Taur and Ning [2021]).

This kind of approach assumed the threshold voltage to scale down with k. This would im-
prove active power and speed but unfortunately would also worsen subthreshold current,
which was of minor concern in the early days but became more and more important when
the size of the minimum transistor approached the ultimate scaling limit. Scaling of the
threshold voltage became increasingly more difficult every generation due to subthreshold
leakage (Bohr [2007]). This happens because of the factors which do not scale with k. The
thermal voltage kT /q and the silicon bandgap E; cannot scale with the dimension of the
MOSFET. Nonscaling factors are the main contributors to the so-called Short Channel
effects (SCE).

Depletion regions at the drain and source junctions become more and more comparable
in size with the length of the channel when this is scaled down. The strong electric field
inside of the space charge regions will then affect the potential barrier of the channel which
will be then reduced and the channel conductivity ends to be controlled more and more
by the drain voltage rather than by the gate voltage, the threshold voltage V}; is reduced
by the effect of the drain-channel junction (Taur and Ning [2021]).

To limit the influence of the drain and source junction on the channel potential, it is
convenient to reduce in size their depletion layers by increasing doping concentration in
the body while the device is scaled. But this strategy incurs in the worsening of the free
carrier mobility and also direct band-to-band tunneling in source and drain junction due
to the increasing of the maximum electric field. (Bohr [2007])

Eventually the control of the channel by the gate contact will be lost unless the thick-
ness of the dielectric is reduced. This has been feasible employing SiOs for over thirty
years, scaling the gate oxide thickness linearly with the channel length; until gate-to-
channel tunneling leakage started to impair the standby power consumption, one of the
biggest prides of the CMOS technology. Despite technologically manufacturable, when the
St104 gate oxide thickness allowed a leakage gate current comparable to the subthreshold
drain-to-source current, candidates to substitute silicon oxide but with higher dielectric
constant have been proposed ending up to the introduction of H fOs in 2007 (Thompson
[1998],Hu [2010]).

The key technology enabling the born of the first microprocessor, the 4004 by intel in 1972
was the self-aligned poly-silicon gate (Faggin [2021]) showing threshold voltage tunabil-
ity by doping, high reliability and closer spacing between source and drain. Poly-silicon
gate shows a depletion layer which will introduce a series capacitance with the oxide ca-
pacitance, leading to a lower inversion charge layer and eventually the reduction of the
transconductance of the MOSFET (Taur and Ning [2021]).

Constant-field scaling applied very well up to the early 2000s with the 130 nm node (Bohr
and Young [2017]), after that, SCE kicked in to such an extent that traditional scaling
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1.2 — MOSFETs Scaling Limit

techniques had to be replaced by new approaches based on innovation in material engi-
neering and relying on design gimmicks which have characterized chip design at the device
level in the 21th century.

The most notable innovations are
« Strained silicon to improve carrier mobility at 90 nm node (Thompson et al. [2002])
o high-k dielectric and metal gate at the 45nm node, (Jan et al. [2008])
« 3D FinFET at the 22nm node, (Jan et al. [2012])

In the 2nm node, lateral-gate-all-around-MOSFET, LGAA are expected to reach mass
production in 2025 (IRD [2022])

1.2 MOSFETs Scaling Limit

Conventional planar MOSFETs scaling stopped to be convenient when the physical con-
straints did not allow further improvements without worsening too much subthreshold
slope, so stand-by power. In this section an intuitive explanation of the physics behind
the short channel effects is given.

1.2.1 Drain Induced Barrier Lowering

The fundamental working principle of the MOSFET is to control the electrostatic potential
of the channel with respect to the source by modulating the gate electrode, with a positive
potential for the NMOS and negative for a PMOS. This kind of coupling happens by the
polarization of a capacitance Cy which, although not constant (Taur [2021]) when Vj is

above the threshold voltage Vy, typically saturates to Cpp = izz

Substoote

Figure 1.1: Effective capacitances inside the MOSFET affect its performances.
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In the real device, channel potential is not affected only by the gate capacitance but
also by the capacitance between the drain and the channel, Csq4.
As illustrated in figure 1.1, if we call A the mid-point of the channel, while the length of
the gate L, is reduced (and so the length of the channel), the capacitance between the
the point A and the drain is going to increase.
Progressively Cys. is going be comparable with the depletion charge capacitance Cy in
the silicon and, for sufficiently short channels, the capacitive voltage divider causing the
drain voltage to drop partially on Cy.q and partially Cy, is now loading more significantly
Cy, increasing the sensitivity of the channel potential to the V4. This kind of effect is
called drain-induced barrier lowering (DIBL) and manifests in a reduction of the thresh-
old voltage as known as threshold voltage roll-off. By solving the Poisson’s equation, can
be shown that the voltage depends on L, exponentially (Hu [2010]). In extreme cases,
e.g. Ly, < 30nm, the device does not switch off and the current is going to leak in any
case, as long a drain voltage is applied.
DIBL set a lowerbound for the channel length. In order to keep this phenomenon under
control, doping inside of the body has been increased with scaling, in this way the total
surface formed by the space charge region is reduced, and also the absolute value of Cgyse.
A variation of the doping concentration N, causes a variation of Vj,, unless C,, is in-
creased; this is done by reducing the oxide thickness or employing a dielectric with a
higher dielectric constant. Recalling the expression for Vi, (Sze [2007])

ViaesigNyYp
Com ’

we can have the evidence of this. The effort to get shorter devices, translates into the
struggle to get thinner oxide at each new technological node (Hu [2010])

Vin = Vip + 2¢p + (1.1)

1.2.2 Process Variations

The strong sensitivity of Vi, to L, has detrimental effects on the circuit performances
because of process variation. For long gates, the effect of the statistical distribution of
the channel lengths is negligible, but for short devices a strong unwanted distribution in
the threshold voltages across the circuit may be present. This may lead to impairment of
the system performances, for example timing violations in clocked circuits (Alioto et al.
[2015])).

But, maybe of higher concern in short MOSFET is the random disctrete doping, RDD
becoming more severe in highly doped substrates (Saha [2021]).

It can be understood by thinking that a statistical variation of the number of impurities
introduced in a substrate depends mostly on the process rather than the size of its volume,
this means that the relative uncertainty of a smaller substrate will be higher than the one
of a larger one. This means an higher dispersion of threshold voltages across the circuit.

1.2.3 Subthreshold Swing

Subthreshold current exponentially depends on V;p,, and unfortunately it increases when
the latter decreases.
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1.3 — Multiple-Gate FET

Threshold voltage reduction has been a key strategy to increase the circuit speed but it
decrease the subthreshold slope.

Subthreshold Swing S is used to understand how sharply the inversion region is formed
with the control of the gate voltage V;, and it is inversely proportional to the subthreshold
slope.

This is strictly related to the depletion capacitance Cy and C,, (Sze [2007])

oo (20) "~ () (25) - () (55) 0

where 1, is the surface potential.

Also in this case, we got a problem with a capacitive voltage divider 1.1. To get a
steeper transcharacteristic we have to minimize the subthreshold slope.
Two actions are available.

1. Increasing C,; by minimizing the oxide thickness, leading to a certain increasing of
gate-leakage, setting a lowerbound for the ¢,,.

2. Decreasing Cy by reducing the doping concentration.

1.3 Multiple-Gate FET

Despite the efforts to reduce t,,, even with a hypothetical zero-thickness oxide a leakage
current will still be present. This happens because of the regions far from the silicon-oxide
interface, where the influence of the gate electric field is weak or absent, which constitute
a leakage path for electrons. So the potential barrier in these "leaky" regions can be easily
controlled by the potential at the drain end (Chauhan [2015]).

To overcome the challenges SCEs had brought in, the complexity of the planar MOSFET
increases without precedents. It is outside the scope of this work to discuss all the coun-
termeasures industry has adopted through the years to keep pushing planar MOSFET
to its limit. It is sufficient to say that at a certain point researchers understood that to
relax SCEs constaints a better electrostatic control of the channel had to be triggered by
increasing the number of gates leading to multiple-gate MOSFET (MuGFET) (Colinge).
Multiple-gate MOSFETSs consist in a certain number of gates around a ultra-thin body
which is typically fully depleted. This kind of device can be fabricated both in bulk or
silicon-on-insulator (SOI) substrate and show superior performances with respect to the
planar MOSFET.

In 2011, the first MuGFET to reach mass production became the triple-gate FinFET from
intel (Jan et al. [2012]) and this kind of devices is nowadays the best solution for high
speed, low power, VLSI ICs (Saha [2021])

Many variants of MuGFET have been proposed through the years (Colinge), whose dif-
ferences of which are mainly on the number of gates control the potential inside the body.
In the following, details about the Double-Gate FinFET (DG-FinFET) and the cylindrical
Gate-All-Around MOSFET (GAA-FET). The choice of these two structures among the
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wide collection of multiple-gate MOSFETSs is because they have a symmetrical geometry
and, as will be shown, this permits a relatively easy calculation of the potential inside the
body, at least in long devices, by solving the Poisson’s equation with only minor approx-
imations.

1.3.1 Double-Gate FinFET

Figure 1.2: DG-FinFET

Double-Gate FinFET was initially proposed in 1996 by the University of California,
Berkeley as solution to the SCEs (Chauhan [2015]). This structure comprise two metal
gates, that at the same time control the potential inside a silicon thin-film body.

The body of the device is so thin that it is typically fully depleted and the width of the
depletion region is controlled by the physical width of the body itself, rather than by the
doping as in the planar device.

This is an fundamental aspect because the doping concentration of the channel can be
reduced noticeably without worsening the SCEs. In this way, RDD is eliminated, mobility
degradation reduced and band-to-band tunneling become less severe (Chauhan [2015]).
However, doping can be still used to finely adjust the threshold voltage.

The main advantage of the DG-FinFET is the ability to suppress the "leaky" part of the
silicon body, that is the regions where the electrostatic control of the gate is weak.

This kind of technology can be implemented with the standard CMOS manufacturing
processes and it fabrication costs are comparable with planar technology (Chauhan [2015]).
Another important advantage is the absence of body effect because of the absence of a
body contact. Body effect causes a variation of the threshold voltage and eventually a
reduction of the subthreshold slope. The absence of a body contact and the low means
that the surface potential 1, in the inner region of the device is completely determined
by the gate voltage V, (Taur [2021]), that is

v, <COI+Cd> .
dws B COLE N
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1.4 — MOSFETs Modeling

Cy4 can get very small with respect to C,, leading to an ideal subthreshold swing

S = (In10) (qu> (Z}Z) ~ (In 10) (qu) = 60mV /dec (1.4)

Furthermore, the DIBL is less severe because of the lower capacitance coupling the drain
voltage and the body, since the smaller surface of the space charge region at the inter-
face. The most important aspect of FinFET is that, with its 3D nature, introduces a new
degree of freedom in controlling short channel effects and subthreshold swing, that is the
thickness of the body t;.

These wonderful characteristics and the compatibility with the standard CMOS technol-
ogy allows this technology to push further the device scaling to improve performances.

1.3.2 Gate-All-Around MOSFET

Gate Stack 4

Source

Figure 1.3: Horizontal Nanowire FET

When the gate contact wraps around the channel, the electrostatic gate control is en-
hanced and further SCEs mitigation allows further transistor miniaturization (Jimenez
et al. [2004]). Square, Rectangular, Trapezoidal, Circular, Elliptical, and Triangular sec-
tions have been proposed (Kumari et al. [2021]) but only the circular one can be solved
analytically for intrinsic channel, bringing to a detailed description of inner potential pro-
file (Taur and Ning [2021]). Non-symmetrical GAAFETSs, like the rectangular one need
arbitrary assumptions on the potential profile inside the channel in order to simplify the
mathematical treatment (Duarte et al. [2013]). This kind of structure is also referred to
nanowire, and it gained attention because its small footprint and so its possible high den-
sity integration, especially useful in DRAM (Venugopalan et al. [2012]). Several type of
nanowires exist. In this work the horizontal nanowire will be put under attention, whose
structure is represented in Figure 1.3.

1.4 MOSFETs Modeling

In order to get working and predictable design at circuit level, an accurate device model
has to be defined. Since the dawn of monolithic ICs invention in the '60s (Noyce [2007]) the
importance of produce an accurate and, at the same time, computationally efficient model
for MOSFET became crucial. In early days, when the number of components per chip was
small, manual techniques were suitable. Today the highly non-linear equations describing
the electrical quantities of MOSFETs leads to computer-aided circuit design mandatory.
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This kind of approach allows dramatic reduction of the design cost and improve the
understanding of the behavior of the circuit under design. In fact, the first version of the
popular circuit simulator program SPICE (Simulation Program with Integrated Circuit
Emphasis) which was implemented at the Berkely UC in 1973 was not the first circuit
simulator ever created (e.g. BIAS, CANCER and TIME) but was the first thought for
undergraduate classroom instruction, so that it was powerful enough to allow students to
grasp the working principles of small circuits but, at the same time, sufficiently simple to be
understood easily by the majority of them (Nagel and Pederson [1973]). Nowadays most of
the commercially available circuit simulation programs are based on SPICE (Arora [2007])
that has been released under Public-domain licence, reason why it became so popular.

SPICE-based circuit simulators typically are able to simulate circuit of few hundreds
of nodes and perform at least the following analyses (SPI)

o DC Analysis

o AC Small-Signal Analysis

o Transient Analysis

e Pole-Zero Analysis

o Small-Signal Distortion Analysis
o Sensitivity Analysis

o Noise Analysis

In general, these simulations, are performed solving numerically the nodal equations at
each node. For this reason the accuracy of the models greatly influence the quality of the
result. Involving non-linear and time-dependent quantities, like most of those associated
with semiconductor based devices, often cumbersome system of non-linear differential
equations have to be solved. To maintain the problem reasonably practical to solve and,
at the same time, maintain the error as low as possible, some kind of approximations to
the models have to be done, as is going to be showed in the following.

1.4.1 MOSFET Models

Many MOSFET models have been developed through the years. The progressive shrinking
of the device caused the device models to become more and more complex, so that com-
putationally efficiency became fundamental. For this reason three major kind of model
can be distinguished and most of the circuit simulators allow the user to choose which
one suits better the trade-off between accuracy and speed of choice.

Analytical Models

Expressions controlling I-V and C-V curves are directly derived from the device physics
and by its geometry. This kind of models are the most accurate but also the most com-
putationally expensive, they are seldom used without a certain amount of reasonable
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1.4 — MOSFETs Modeling

approximations. Typically in MOSFETs the expressions are derived from electrostatic
potential analysis. For example, for sufficiently long MOSFETs like the traditional planar
MOSFETs and in some multi-gate MOSFETs as the DG-MOSFET and Cy-GAAFET,
where the geometrical symmetry of the body can be exploited, the Poisson’s equation, as
will be shows, can be solved and the potential profile can be extracted quite accurately.
Analytical models are based on continuous expressions along the entire domain of the
device operation and allow deep understanding of the electrostatics of the system. Fur-
thermore, they give accurate curves also when the device is scaled and the bias voltages
modified. Analytical models can be used to simulate small circuits only, otherwise ap-
proximations on the expressions, to get simpler ones, can be done by neglecting secondary
effects. In many situations, can be convenient the introduction of physical and empirical
parameters, to include higher order effects without affecting complexity excessively. These
parameters are often extracted by fitting of experimental curves or from device level sim-
ulations. Despite analytical models directly link the physics and geometry of the device
with the electrical behavior, the model is typically hard to be developed and when the
technology is changed and the device structure modified, the existing model often has to
be adjusted and sometimes a whole new model have to be done from the ground up.

For circuit CAD, these kind of analytical models are referred to as compact models, they
are based on a physics based analytical expressions which are fitted to technology and
bias dependent experimental data in order to extract a set of model parameters that are
fundamental to pursue accuracy in scaled technologies.

Compact models for circuit CAD are important for cost-effective design, performance op-
timization to get robust IC designs. Compact models also allow the integration of process
variability of the different device parameters which can be associated to statistical distri-
butions. Furthermore, knowing the manufacturing tolerances, worst case scenarios can be
easily simulated (Saha [2016]).

Table Lookup Models

Data extracted from experimental devices or from a device level simulators are stored in
a lookup table. It is a technology independent approach, simpler to develop than the
analytical but it does not give any insight of the physical phenomena happening inside
the device, hence the understanding of the system is scarce. Furthermore a large amount
of memory may be required to get high accuracy.

Empirical Models

In this case, the model is based on expressions extracted by fitting of experimental curves
or from device level simulators. The accuracy of these models is similar to table lookup
models’ but require lower time to be developed and lower memory. The main disadvantage
is that this approach is technology dependent (Arora [2007]).
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Chapter 2

Double-Gate FinFET
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Figure 2.1: DG-FinFET section for z = zy. The device geometry is invariant along the z
axis.

The first step is to develop the core model, i.e. the first-order analytical description of

the device behavior without using fitting parameters. It relies totally on physical assump-
tions and provides an accurate model of the electrostatics inside an ideal device. From
the core model order-of-magnitude quantities can be extracted. The core model returns
curves as accurate as the real device behaves "ideally', i.e., as far the assumptions the
core model is based on are valid.
The main assumption is the gradual channel approximation (GCA) which strongly sim-
plifies the solution of the Poisson’s equation. This approximation tells that the device is
long enough to safely neglect SCEs, gate-tunneling, charge quantization without losing
accuracy (Chauhan [2015]).
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Double-Gate FinFET

Core models are great to compare different technologies at a first approximation but are
insufficient to design real circuits, especially in the case of very scaled down transistors.
Corrections based on empirical measurements are fundamental.

In the next section core model for FinFET is explained in great detail. It will be calculated
numerically and the main electrical and physical quantities are extracted. Subsequently,
a second-order effects are introduced to correct the core model.

This kind of approach, core model plus corrections, is shared with most of the silicon-
based devices and, as well as for other technologies, the real devices suffers of the process
variations that are stochastic by nature. This kind of variations affect strongly the electri-
cal behavior of a specific device that will then inherit a stochastic nature. In a real model,
aimed at manufacturing, also these variations have to be taken into account and they will
be strongly dependent on the specific process used. Since these kind of variations may
be difficult to be characterized analytically, fitting with empirical measurements became
even more important.

2.1 Core Model
The device operation is controlled by the Poisson’s equation

92 0?

where 1 is the electrostatic potential, €, the dielectric constant of silicon and p(z) is the
total space-charge density

p(z,y) = q(p(z,y) — n(z,y) + Nf — N, ), (2.2)

where N and N, are ionized donors and acceptors densities, whilst p(z,y) and n(z,v)
are hole and electron densities, respectively. Now on the analysis will be focused on the
NMOS which has a p-type channel.

Under the gradual channel approximation azgiﬁ’y) > 8215;:5’1“’). The meaning of the GCA
is that the variation of the longitudinal electric field is much lower than the transversal.
Now, assuming Boltzmann statistics, a moderately doped substrate we have

52 W (@)=Y p—Vep (1)
CIEEES o
81

where g = ||or — ¢i|| = kBTT log(N,/n;), i.e., the difference between the Fermi poten-
tial and the intrinsic potential; V.5, (y) is the quasi-Fermi potential, in this context called
channel potential.

Note that the quasi-Fermi potential along = is assumed to be constant. This is a
reasonable assumption since no current is flowing in the transversal direction, because
of the presence of oxide layers. In real devices a small gate leakage current is present
but in the core model is neglected. Furthermore, no electric field along the z direction
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2.1 — Core Model

has been considered; again this is a reasonable assumption for long-channel DG-FinFETs
only. Equation (2.3) is a ordinary second-order non-linear differential equation. It could
be solved analytically if the doping concentration N, was small compared to the mobile
charge n(z,y) (Taur [2000]) but doping must be included because of its importance in fine
tuning of the threshold voltage. In order to take it into account perturbation approach has
been enforced (Dunga [2008]), meaning that the electrostatic potential is written as

Y(x,y) = 1w, y) + Ya(z,y) (2.4)

and the Poisson’s equation is split into two parts

P (z,y) ¢ @) ~¥=Ven ()
oz g (2.5)

32% (l‘, y) Na
— " =q— . 2.6
61’2 d €si ( )
Enforcing the symmetry of the system, expression (2.5) and (2.6) can be integrated

twice with the boundary condition w =0

2kpT Lsi ¢*n; (251’)
1 _ Usi i . 2.
U (1‘, y) Vh(y) q log (25 2e5ikT N, o8 ts; ( 7)

qN,z?
2651'

wg(l',y) =

where tg; is the thickness of the fin and § is constant along x and is defined as

2 2 g—Vep(y) F .
8= L . Lsi (2.9)
2¢5ikpT N, 2
where 1) is the electrostatic potential at the center of the channel. It is function of y and
in order to get the its value it is important to solve the gate bias equation:

Vo=V = Vou +¥s(y) (2.10)

where ¥s(y) = Y(z = :i:%i, y), i.e. the surface potential, and V,, = Euz/tor the
potential drop across the oxide, whilst Vi, = (¢, — ¢5) is the flatband voltage.
Considering no charge in the oxide, constant electric field across the oxide can be assumed.
Boundary condition for the electric fields at the interface is €,,E0: = €5Es and together
with the Gauss’s law allows to rewrite the gate bias equation as Y. Taur [2021]

€si 87/’@ - i%ay)

— = s . 2.11
Vo=V =~ o + s(y) (2.11)
Equation (2.11), together with
~ tsi tsi
Us(y) E (@ = £7y) + oz = £55y) (2.12)
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Double-Gate FinFET

has to be solved to get the value of § for each V4 (y).

This system can be written as Chauhan [2015]
2 QESZ'I{TBTN@
log | 2. [255ihBE “ha
oy (et

Vg — Viy — Ven(y)
2kgT

logB — log(cosB) — q

wpert
2si | oy [ €727 Vpert kgT
-1 25 ert — 2—1 =0
t5iCox g (00325 )+q k2 T? [Vpert p 0g(cosf)] ,

where e = Yoz = :I:%)
This is an implicit equation of # and can only be solved numerically.
Once f is calculated it can be used to get the potential distribution along z from (2.4),
for different values of the channel potential.
The gate bias equation put in relationship the gate voltage with the surface potential and
this gives the ability to study the behavior the electric field, the mobile charge density
and the potential itself inside the channel as the gate potential is changed; but it also
gives the ability to extract the gate capacitance, fundamental for transient analysis.
Under the assumption that that all the potentials are referred to the source and that fully
depletion of the channel is considered, some results of this analysis are presented.

2.1.1 Electrostatic potential
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Figure 2.2: Electrostatic potential near the source, ¢(z,y = 0), for different V. N, =

10'6 em™3, t,; = 20 nm, t,, = 1 nm.
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2.1 — Core Model

The electrostatic potential in the channel is shown in Figure 2.2. In this case the gate
bias equation has been solved for V., = 0, that is near the source end.
It is clear as the electrostatic potential ¥ () increases evenly as the gate potential is in-
creased (in this specific case from 0V to 0.5V) meaning that the mobile charge density
will increase exponentially equally in all the volume inside the channel, also in the central
region where the mobility is higher because of the lower probability, for mobile carriers,
to undergo scattering with the surface defects (Colinge).
Gradually, for higher values of V, the potential start to saturate in the mid-point and to
bend at the interfaces: mobile carriers are attracted by the gate potential.
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Figure 2.3: Surface potential near the source, 1s(z = j:%,y =0). ty = 20 nm, t,, =
1 nm.

In Figure 2.3, can be seen how the surface potential , similarly to the planar MOSFET,
saturates because of the presence the inversion layer which screens the silicon from the
penetration of the electric field which will be confined inside the oxide layer (Y. Taur
[2021]). The saturation of the surface potential typically coincides with the gate potential
equal to what is called threshold voltage V3, in standard MOSFETs. In fact, this kind of
definition may be unpractical from a design point of view and different definitions of Vjy,
have been proposed by Sanchez et al. [2006].
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Figure 2.4: Surface potential near the source, 1s(z = j:tg—i, y=0).
N, = 1lel5 cm ™3, tg5 = 20 nm.

In Figure 2.4, is shown as the surface potential changes with the thickness of the oxide.
In Figure 2.5a, instead, as it changes when the thickness of the silicon is varied. In this
case the threshold voltage is calculated as the gate voltage at which the surface potential
is equal to 2¢p + 6kgT/q, conventionally set as the point at which saturation happens
(Arora [1993]).

It is clear as the threshold voltage increases as the thickness of t,; increases, as well as the
tor increasing.

In Figure 2.5b, visually, the dependence of the electrostatic potential to the channel
potential is shown. For high values of V; the potential curvature is reduced, this due to
the pinch-off condition, that is when the transversal electric field goes to zero because of
the effect of an high drain voltage. This kind of condition happens typically near the drain
end (Arora [2007]). Here the exact relationship between a V., and y is not visible. To
get it the continuity equation for the current has to be solved in a self-consistent manner
together with the 2D Poisson’s equation. In general, the solution has to be carried out
numerically (Hong and Taur [2021]).
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135~ [ Vo, - 049495V
V. - 0.69697 V.

13 Vg, = 0.89890V

Surface potential [V]
o
5
Electrostatic Potential [V]

02

0 0.1 0.2 03 04 05 06 07 08 0.9 1

o 09 1
Gate voltage [V] 01 02 03 04 05 06 07

x[nm)

Channel Potential [V]

(a) Surface potential at V., = 0,

by(z = £ % Ly = 0). (b) Electrostatic potential as function of V.
N, = lel5 cm™3, toy = 1 nm. N, =1lel7 cm™3, t,, = 1 nm, t,; = 20 nm.
Figure 2.5

2.1.2 Charge density
Exploiting the Gauss’s law (Hu [2010])

(5

5 sl (2.13)

LY €si

— S
2

_(W(%y)) _ Q)

Qs(y), i.e., the total charge density per unit area inside the channel can be extracted.
The LHS of (2.13) can be taken analytically by the derivation of (2.1)

— . 8¢($ay) . kBTSZn(/B)ﬁ qNa@
Qs(y)“e“< O >w:t - <4 ¢ cos(B)te | en 2) (2.14)

3
This quantity depends on the channel potential V¢, as well as to V, and in figure 2.6a
and 2.6b the total charge density inside the fin is shown for different doping concentrations.

Especially in figure 2.6b, the depletion fixed charge is clearly visible in subthreshold
region.

Assuming complete depletion inside the channel, inversion charge density (); can be simply
obtained by subtraction

Qi = Qs - qNatsi . (215)

Q; is the mobile charge component of the total charge density; it contributes to the current
density inside the device.
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Figure 2.8: Q; in logarithmic scale at Vi;, = 0. N, = lel5 cm™3, ¢y = 20 nm.

2.1.3 Drain current

Drain current can be obtained by the application of the current continuity to the current
density definition (Taur et al. [2004])

dVen
dy ’

In(2,y) = (2, y) = —qunn(z, y) (2.16)
where p, is the effective mobility of mobile carriers, n(x,y) their volume density and
Jn(z,y) is the electron carrier density.

This kind of current is both diffusion and drift in nature, and the current continuity
state that at any point of y in the channel, the total current I,, is constant. With this
assumption integrating 2.16 in x

vy, %

Ip(y) =W n(z,y)dr (2.17)

where W is equal to two times the height of the fin of the DG-FinFET and Ip(y) is

the drain current per unit length.
Knowing that inversion charge density per unit are is

Q) == [ nla,y)de (2.13)
The drain current per unit length can be written as

Ip(y) = =WveQi(Ver) (2.19)
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where v, = und:l/—;h is the electron velocity in the channel and so
dv, v,
Ip(y) = —WMnTthi(l/) = —WﬂnTthi(Vch) ) (2.20)

where y can be substituted with V., because the latter depends on the first only (Taur
and Ning [2021]).
The last step is to multiply dy both sides of 2.20 and integrate from 0 to L,

L Vds
/0 Ip(y)dy = =W A Qi(Ven)dVer, - (2.21)
Finally, since Ip(y) = const., because of the continuity condition,

W Vds

Ip = —hn ; Qi(Ven)dVey, . (2.22)

Combining (2.22) and (2.15) the total current can be calculated by integration. The
first approach employed in this work is numerical. This approach’s accuracy strongly de-
pends on the resolution of the integration domain, i.e., how small dV,;, is, and, of course,
higher is the accuracy lower will be the program to complete the computation.
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Figure 2.9: Output characteristics of the DG-FinFET. N, = 1el7 ecm™3, t,; = 20 nm,
towg =1nm, Ly =1 pum, p,, =136 cm™2/(V —s), W =1 ym
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Figure 2.10: Transcharacteristics of the DG-FinFET. N, =
=136 cm2/(V —s), W =1 um
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Device models for circuit simulations must be as fast as possible, in order to deal with
increasing complexity, and for this reason, expression involving integration as in (2.22)
should be avoided, considering the numerical perspective, also because the dependency
onto the quantity dV,, controls the accuracy of the output of the integration. However
this kind of integration showed to be the most accurate when dV,, is chosen to be very
small, to complexity and resource costs.

However, in Colinge, researchers managed to carry out equation (2.22), using the gate
bias equation 2.10 discussed in 2.1, expressing the silicon charge density as

Qs(y) = Coz(v;]s - Vfb - %(y)) (223)

The drain current can be written as

o = in (F(6) = S(6a), (2:2)

where

2 kT kT EsikT GsikT
fWs) = f +2—Qi— — (5 + Qbqu) : (5 + Qbutk + Qi) , o (2.25)
2CO$ q q qtsi qtsi

where Qpur = ¢Natsi/2 The accuracy of the current expressed in (2.24) is slightly
lower with respect of what is obtained from the numerical integration but the advantage
in terms of efficiency justifies its application.

2.2 Real Device Effects

To have an excellent prediction of the I-V and C-V curves, together with the core model,
real device effects must be included, they are typically modeled as correction of core
model quantities like the threshold voltage or a geometrical parameter. These kind of
corrections, to give high accuracy cannot preclude the use fitting parameters which are
extracted from experimental measurements. In this work all the corrections included
in the models are only based on physical and geometrical assumptions with no fitting
parameters involved; this is mainly because of the practical impossibility to have access
to experimental measurements and, even trying to match physical (TCAD) simulations
becomes pointless over a certain level of accuracy without technology related information,
since the fitting with real devices is highly process dependent.

Another reason to rely only on physical and geometrical assumptions is to keep the model
as simple as possible in order to give the ability to the user to have an insight of what is
going on inside the device.

2.2.1 Channel Length Modulation (CLM)

Similarly to the drain current in the planar MOSFET, Ip in real devices shows a non-zero
conductance in the saturation region. One of the contributions to this effect is the channel
length modulation. When the drain current exceed the saturation voltage Vp_,, = V,—Vu,
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Vels > Volsat

Figure 2.12: The depletion region width between P and the drain end is modulated by
the drain overdrive.

the channel undergoes to pinch-off condition, where the transversal electric field goes to
zero. Any further potential applied to the drain exceeding Vp_,, will drop onto the depleted
region between the drain and the channel at a certain point P, in Figure 2.12. In fact, the
GCA cannot be applied in the "pinched-oftf" region of the channel and full 2D Poisson’s
equation must be solved to get the exact shape of the potential near the drain. This
region can be treated as a reversely biased PN junction whose space charge region width
is modulated by the drain potential overdrive (Vp — Vp_,,). The result is the reduction of
the effective length of the channel of a quantity AL and the consequent increasing of the
current in the saturation region.

In order to take into account this effect without invoking the full Poisson’s equation
solution, many semi-empirical approaches have been proposed (Arora [1993]). The same
models used for planar MOSFET can be applied also here.

In order to avoid the use of fitting parameters as much as possible to give priority to the
understanding of the device working principles rather than ultimate accuracy, the CLM
model used here (Reddi and Sah [1965]) treats the pinch-off region, as a simple inversely
biased PN junction between the drain and the channel with a potential drop across its
space charge region equal to Vp — Vp_, .

From basic semiconductor theory, space charge region width of an N*P junction can be
expressed as (Hu [2010])

2e5i(VR + Vi)

) 2.26
qNy (2.26)

Wdep =

where V}; = kﬂ%log (%) is the built-in potential between the drain and the channel
and Vp is the reverse bias applied: in this case Vg = Vp — Vp_,.
The saturation voltage is defined as Vp_,, = V; — Vy,; it is the voltage at which fi”?g =0.

Now, from 2.22 L is substituted with Lesr = L — Wy, = L — AL.
The output characteristics, in Figure 2.13, happens to have a non-zero conductance in
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Figure 2.13: Channel Length Modulation causes a non-zero conductance in saturation
region. N, = 1lel7 ecm™3, Ny = 1e21 em™ t,; = 20 nm, t,, = 1 nm, Ly =1 pm,
pn =136 cm™2/(V —s), W =1 um.

the saturation region. This has an impact on the gain of amplifiers which is lowered by
the CLM and on the transition slope in CMOS technology which is also reduced. CLM
is mostly a problem in analog applications rather than in digital (Weste and Harris [2011]).

2.2.2 Drain induced barrier lowering (DIBL)

When V;; <V}, electrons in the source-end encounter an high potential barrier preventing
them to flow towards the drain. In long devices, this barrier, is mainly flat, except for the
regions near the source and the drain, where the electric field due to the junctions affects
the barrier, lowering it.

When the channel length is shortened the potential barrier shrinks because of the effect of
source and drain junctions and below a certain L, its maximum becomes a point near the
source end (Taur and Ning [2021]). In this condition, it is easier for electrons to overcome
the potential barrier and to reach the drain end.

Modulating the drain voltage, the maximum of the barrier will be at the same time lowered
and pushed against the source. The impact on the output characteristics is first of all, an
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increasing of the subthreshold current, but also an increasing of the output conductance.
Because of 2D nature of the electric field near the drain and the source end, in order
to include this kind of phenomena in the DG-FinFET model (in general, in any kind
of MOSFET model), the full 2D Poisson’s equation must be solved (Chauhan [2015]).
In order to do so without the cumbersome task to find the solution in a self-consistent
manner with the current continuity equation, the 2D Poisson’s equation has been solved
in subthreshold regime, that is neglecting the mobile charge density.
2 2
Foly)  FYy)  aNa (2.27)
ox? oy? €si

In this way the problem to be solved is linear and do not involve the need to find the
relationship between V., an y.
This kind of calculation is quite long and it is based on the assumption of a parabolic
potential distribution along x direction. It is carried out and well explained by Taur and
Ning [2021] and in the book of Colinge.
Here, only the effects of this analysis are integrated in the core model.
It has been proven that the DIBL affects the threshold voltage by lowering it by a certain
AVy, depending on the geometrical parameters of the FiInFET, mainly the channel length,
and also on the drain voltage and gate voltage. In particular, the scale length A is defined
as the measure of how much the drain electric field penetrates into the silicon body and
then how severe the SCEs will be (Chauhan [2015]).

2((Voi = Vis) + Ven(Ly))

AVy, = ) 2.28
' QCOSh(%) -2 (2.28)
where Vg, is the center potential for the long-channel transistors
Ng
Vo=V —qg—— 2.29
A v (2.29)
€si €oalsi
A= <1 + ) tsitor - 2.30
\/26018 desitox ( )

To include 2.28 into the core model, it has added Vj in the implicit equation of 5 2.1, that
becomes

Vg + AV, — Vi — Ver(y) 2 [2e5kTN,
logp — log(cosf) — q STy + log ” Tnf

Ypert
2 st BT er ks
+ € ﬂQ (6 ° 1) + q2 1/}17 - [wpert -2 B; lOg(COSﬂ)] =0 )

tiCos cos?f3 B k3T?

which has to be solved in the same way.
From 2.28, shows to be exponentially dependent to Lg, lower the channel length, higher
the threshold voltage roll-off, but also higher the its sensitivity the gate length itself.
This kind of analysis is performed below threshold, to get a comprehensive prediction of
this effect, including above-threshold characterization inversion carrier density must be
included in 2.27. The accuracy of this model worsen as the inversion charge increases its
magnitude with V.
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2.2.3 Velocity saturation

When the device get shorter, velocity saturation becomes so important that it limits the
advantages to scale L,. In effect, the drain current won'’t scale as 1/L but becomes hand
by hand less sensitive to the channel length (Taur et al. [1993]).

Also, the saturation of the drain voltage arrives much before than in the long-channel
case.

Velocity saturation happens when an intense longitudinal electric field leads the carrier
velocity to be non-linearly dependent to the electric field and in particular saturating with
an fields higher than a critical value (Sze [2007]).

In order to include this effect to the inFET model, the empirical velocity-field relationship
by Caughey and Thomas [1967] has been employed

(%)
e \ (dVer)

1+ (vsat> ( dy})
where vgqr = peF. is the velocity saturation, a constant value independent on the electric
field and FE. is the critical field at which saturation happens.
In 2.31 the term d(‘j/;h contains the information about both drift and diffusion currents,
however in saturation region the current is mainly drift (Taur and Ning [2021]).
if 2.31 is substituted to v, in 2.19

_ re (i) |
hmn——WQM@%+(uﬁ(ﬂ%)——OmWQM@%+

dy

Ve = (2.31)

nIpY dVe
”D) h (2.32)

dy

Usat

Usat

as already done for 2.19, both sides are multiplied to dy and integration is done from 0 to
Vp. The expression for the drain current becomes

_ —mn(W/L) [y Qi(Ver)dVen
()

Vsat L

Ip

(2.33)

vsqt for electrons is a temperature dependent parameter. It has been extracted by Taur
et al. [1993] which showed to be more or less equal to 7 - 10° ¢cm/s for both electrons
and holes in the inversion region at 300 K. Lower temperatures gives higher saturation
velocities.

2.2.4 Quantum mechanical effects (QME)

In ultra-scaled, transistors, in the nanometer range, electrons in the inversion layer must
be treated as two-dimensional electron gas (2DEG) (Colinge), i.e. taking into account
the quantum confinement in the normal direction, while electrons are free to move in the
other two directions. The main effects of this confinement are:

o The inversion layer carriers are now occupying discrete sub-bands.
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o The peak of the inversion layer carriers is few nanometers away from the Si — SiO,
interface.

Effectively, the first effect is the cause of the increasing of the effective £, so the reduction
of the inversion carrier concentration because (Sze [2007])

Eq
n; < e *BT (2.34)
n(z) = ne BT (2.35)

The shift of the inversion layer , instead, causes the increase of the effective oxide thick-

ness t,, reducing the electrostatic control of the gate to the channel and the consequent
increasing of the threshold voltage. In DG-FinFET, the inversion populations induced by
the two gates merge together at the center of the fin causing volume inversion. These two
effects cause the degradation of the I-V and C-V curves. All together, in order to predict
this effects quantitatively the Poisson’s equation, self-consistently with the Schrédinger’s
equation have to be solved (Saha [2021]).
Another consequence of having the concentration peak further from the surface is the re-
duction of interface scattering and the improvement of carrier mobility with respect to the
classical theory. In any case however, in very thin fins, the interface scattering increases
because of the physical proximity of the surfaces with the center of the channel, where
the carrier concentration has its peak. Both the reduction of the inversion concentration
due to bands quantization and the increase of the effective oxide thickness can be mod-
elled as a variation of the threshold voltage. When the quantization of the conduction
band happens, the ground level determines the energy bandgap which start to depend on
the fin thickness: lower is the thickness, higher is the energy bandgap (Chauhan [2015]).
The quantum correction to be applied in this model are based on quantum consideration
which cannot be predicted without fitting parameters that depend on experimental mea-
surements. However, approximating the fin section as an infinite potential well and the
potential to be flat, that is something fairly true in the subthreshold region but not above
it, where in 2.1.1 it as been shown to rather be parabolic, the Schridinger’s equation has
a simple solution (Saha [2021]) for the first conduction sub-band which has to be added
to conduction band edge without quantum confinement. The flat potential assumption
gives more accurate results if the doping level inside the channel is low. The result is a
variation of the threshold voltage equal to

2h?
Vinow = 2qm 2 (2.36)
affecting the threshold voltage as
Vin = Ving + Vingu - (2.37)
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2.3 Capacitances

The ability to calculate accurate C-V characteristics enables the possibility to perform
transient analysis in circuit simulators.

2.3.1 Intrinsic Capacitance

In 2.1.2 the charge density has been extracted thanks to the Gauss’ law and the accurate
prediction of the potential inside the silicon fin. Now, a step further can be done calcu-
lating the total gate charge as the integral of the charge density along the channel. That
is:

L L
Qg = W/O Qs(y)dy = WCO:E/O (‘/gs - Vfb - ws(y))dyv (238)
which requires to link the charge density to the variable y. This can be done be solving
2.41 consistently with the current continuity equation
Ip(L) = Ip(y). (2.39)

Using (2.24) leads to a very convenient analytical expression for the total gate charge
(Colinge), that is

Qg =WLC,, <‘/gs o vfb o (%(0) + %(L)) + (¢s(0) — %(L))Q ) 7 (240)

2 G(B - %(0) - %(L))

where B = 2 (VQS — Vip — %’—:ﬁ" + QkBTT). (2.40) contains all the charge inside the
channel, however, depending on the bias point, its density distribution with respect the
length, from the source to the drain changes. In particular, above the threshold, but below
the saturation, the channel is symmetric allowing the charge partitioning of the charge
in two equal contributions Qg and @p, which are equal to @4/2, to respect the charge
conservation. Above the saturation condition, the channel becomes asymmetric and the
inversion charge near the drain shrinks, for this reason the charge must be divided in a
certain ratio between the source and the drain. One effective approach is the one proposed
by Ward and Dutton [1978] where the drain charge can be calculated as

L L
Qo =1 [ (Quw) = Quaddy = WCos [ ¥ (Vo = Vi = 0.0 - %:f) dy. (241)
similarly to what done for the total gate charge,
B Vs = Vio = B (1s(0) + (L)) | (L) = 1(0))’
Qb = WiLCa( =5 T T R(B = (D) — s(0)

GO(B - d)s<L) - %(0»2
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2.3 — Capacitances

To ensure charge conservation the the charge associated with the source is

Qs = Qg — @b — Qoulk- (2.42)
The total gate capacitance is
0Q
Cog = =2 2.43
99 a‘/gs ( )

which is, because of the charge partitioning, above threshold, composed by two terms

Cyg = Cas + Coa (2.44)

where, at low Vg, i.e. in linear region Cys = Cyq = %ng (figure 2.14a) whilst in

saturation region, the two components are divided asymmetrically in a ratio about 60%
for the Cys and 40% for the Cyq as clearly visible in 2.14b

Normalized (1WLC,
Normalized (1WLC, ) Capacitance

Gate Voltage [V] Gate Voltage V]

(a) Linear region. (b) Saturation region.

Figure 2.14: Intrinsic Capacitance. N, = 1el6 cm ™3, t; = 15 nm, t,; = 2 nm

With this approach the total capacitance is conserved.
On the other hands, below threshold the channel is not formed so Cys and Cyq are
equal to zero.
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Figure 2.15: Cy, parametrized for Vpg. N, = 1el6 ecm ™3, tg; = 15 nm, t,, = 2 nn

2.4 Double-Gate FinFET model MATLAB implemen-
tation

In the present work I have implemented a MATLAB code predicting the behavior of the
presented double-gate transistor. The main structure is based by the core model which it
is based on the calculation of the potential inside the channel. This is done by employing
the calculation of the 5 and the gate bias equation presented in 2.1 using the MATLAB
function fzero which is a useful way to find the roots of non-linear implicit equations when
a proper interval is provided. In this case the interval used has been (0, 5).

Many iterations of the gate bias equations has been performed for each Vg, V., couples
contained into an array.

The potential obtained has been then derived analytically in order to keep computational
time as small as possible to get the charge density useful to extract a specific current at
a certain Vp and V.

Real device effects are included as additional potential terms in the gate bias equation.
Each of them is calculated into a separate MATLAB function which can be excluded in
the case a specific effect has to be excluded in the calculation by setting a variable in the
main of the code.

More specifically the following variables have been included into the code which allows
more flexibility

SAT = 1; % {0,1} 0: No Vel Sat 1: Yes Vel Sat

CLM = 0; % {*,1} 1: Channel Length Modulation Enabled
DIBL = 0; % {*,1} 1: Drain Induced Barrier Lowering
QME = 0; % {*,1} 1: Quantum Mechanical Effects Enabled
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2.5 — Double-Gate FinFET Validation and error evaluation

A specific function dedicated to capacitance calculation extracts a set of curves Cyy, Cyq
and Cy, as function of the drain and gate voltages.

I also developed a stand-alone monolithic version for both NMOS and PMOS which can
be useful for circuit simulators. In this regards few more toggles to reduce complexity has
been included

MODE = 1; % {1,2} 1: slow/accurate 2: fast
CAPMODE = 2; % {1,2} 1: accurate/unstable 2: approx./stable

The first variable gives the ability to choose between two different current calculation
methods: a slow one which calculate 2.22 by numerical integration. This solution is
the most accurate but the slowest. It gives best results when the substrate doping is
N, > lel6em™3. When MODE=2, the analytical expression 2.24 is calculated.

These stand-alone scripts also provide the proper set of three capacitances Cyq, Cyq and
Cys for the specific bias provided by the user.

2.5 Double-Gate FinFET Validation and error eval-
uation

double_gote_meh

DopingConcentration (cm*-3)
1 1.000e+21

7.9370+18

6.3000+16

5.0000+14

3.9060+12

-7.906a+12

-1.0006+15

Figure 2.16: Short DG-FinFET generated in Sentaurus TCAD simulation tool

By employing the TCAD physical simulator I developed a double-gate FinFET struc-
ture from the ground up which can be used to validate the analytical model just developed.
The drain current for long and short FinFET have been extracted as function of the drain
and gate voltages. Short channel effects and velocity saturation has been considered.

No fitting factor have been used except for the mobility and saturation velocity which has
been extracted from the TCAD model at the equilibrium condition.
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Figure 2.17: FinFET Drain current, stars are TCAD extracted points. Ly = 1 pum,
W =1 pum, N, = lel6 cm™3, t; = 5 nm, t,, = 1.5 nm
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Figure 2.18: FInFET (w/o vel. Saturation) Transchar. Stars are TCAD extracted points.
Ly=1 pm, W =1 pm, N, = 1el6 em™3, ty; = 5 nm, tyy = 1.5 nm

38
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Figure 2.19: Velocity saturated FinFET Drain current, stars are TCAD extracted points.
Ly=50nm, W =1 pum, N, = 1leld em™3, tg; = 10 nm, t,, = 2 nm
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Figure 2.20: Velocity saturated FinFET Transchar. Stars are TCAD extracted points.
Ly =50 nm, W =1 pm, N, = 1leld cm™3, ty; = 10 nm, t,y = 2 nm
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Figure 2.21: Velocity saturated FinFET Drain current, stars are TCAD extracted points.
Ly=18nm, W =1 um, N, = leld em ™3, ty = 7nm, to, = 0.9nm
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Figure 2.22: Velocity saturated FinFET Transchar. Stars are TCAD extracted points.
Ly=18nm, W =1 pym, N, = lelb em ™3, ty; = 7nm, to, = 0.9nm

The model shows to be extremely accurate for the long channel case where SCEs are
negligible. Scaling down the gate length the error between the TCAD and analytical
models increases, especially in saturation region.

The quality of the model is still remarkable considering no fitting factor has been used
which surely can contain the error.
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2.5 — Double-Gate FinFET Validation and error evaluation

In the following tables, the drain currents extracted from the TCAD simulation and

from the model has been compared. In both the cases drain and gate voltage are forced to
Vbp so the transistor is always in saturation region, that is the most interesting in digital
applications.
The geometrical parameters are summarized here below and grouped in "nodes" from
50nm to 13nm. In all the situations the height of the fin has been taken equal to 0.5 ym
so that W = 1 um and each current extracted can be considered as quantities per unit
length with unit measure of Am. Each scaled node has been obtained using the constant
field scaling approach with a scaling factor of k = 1.4.

Node’s name | 50nm | 35nm | 24 nm | 18 nm | 13 nm
Ly 50nm | 35nm | 24 nm | 18 nm | 13 nm
Tox 2 nm 1.4nm | 1 nm 0.7 nm | 0.5 nm
T 10 nm | 7 nm 5 nm 3.5 nm | 2.45 nm

Table 2.1: Geometrical parameters for the nodes under test.

Node’s name | 50 nm 35 nm 24 nm 18 nm 13 nm
Vpp = 0.25V | 6.9¢-9 4.4e-9 3.8¢-9 2.5¢-9 1.8¢-9
Vop = 0.5V | 25.7e-6 | 27.5e-6 | 28.1e-6 | 23.7e-6 | 19.5e-6
Vbp = 0.75 274.3e-6 | 395.7e-6 | 520.1e-6 | 469.8¢-6 | 418.8¢-6

Table 2.2: FinFET TCAD Ip current per unit length (Mim) with Vo =Vp = Vpp.

In 2.4 is shown how the model provides good accuracy overall. In particular, can be
noted how the relative error for the 50nm column is similar along from interdiction to
saturation region maintaining the same sign, this suggests that a better fitting of the
physical simulation can be obtained multiplying the output current to a constant. Below
the 18nm node the error is more severe in saturation region where the electric field in
the longitudinal direction intensifies the DIBL effect. This stresses out the importance of
fitting parameters coming from experimental measurement.
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5.1e-9

4.3e-9

4.2e-9

2.7e-9

1.9e-9

20.1e-6

25.9e-6

24.9e-6

22.3e-6

18.1e-6

228.7e-6

326.4e-6

454.2e-6

620.3e-6

733.9e-6

Table 2.3: FinFET compact model Ip current per unit length ( %) with Vg = Vp = Vpp.

-26.22%

-2.53%

9.8%

8.29%

3.67%

-21.57%

-5.89%

-11.46%

-5.84%

-7.29%

-16.62%

-17.51%

-12.67%

32.04%

75.23%

Table 2.4:
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Chapter 3

Cylindrical Gate-all-around
FET

V.

gs
P ?
[ Gate

y 2R A
Vi > Vi
L 0 p,y) .
(E N tox J)
0 V

6

Figure 3.1: Cy-GAAFET. The device geometry is invariant for rotation around the y —
axts.

In this case cylindrical section gate-all-around FET| also referred to as nanowire MOS-
FET, model is going to be derived. As already mentioned, this kind of structure allows an
analytical solution, although not explicit, of the Poisson’s equation, as well as for rectan-
gular section DG-FinFET. The only limitation of the model present in literature Jimenez
et al. [2004] is the necessity to consider an intrinsic substrate. To overcome it, in this
work, a perturbation approach, similarly to what done in the DG-FinFET, is proposed
which is based on the calculation of two potential contributions, considering only mobile
carriers and one considering only doping charges; the two contribution will be summed
up. The analysis starts with the derivation of the core model, based on Gradual Channel
Approximation (GCA), and Boltzmann statistics for the carriers. Then real device effects
will be added, trying to predict as well as possible the TCAD I-V characteristics which
are going to be validated in the last section. The theory will treated taking NMOS as
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reference.

In this work I developed a MATLAB code extracting I-V and C-V curves based on the
nanowire MOSFET models presented here. The model is mainly based on the electrostatic
studies of this structure already present in literature. From the numerical calculation of
the potential with MATLAB I evaluate the charge inside the channel enforcing Gauss’
law and consequently the current by integration along the length of the channel.

After that, I build up a TCAD 3D structure for the cylindrical gate-all-around FET and
the I used to extract the output characteristics and the transcharacteristics. A comparison
of these quantities is done in the last part of the chapter showing excellent results.

3.1 Core Model

Taking advantage of the cylindrical geometry, a Poisson’s equation in cylindrical coor-
dinates can be conveniently written. Assuming the Boltzmann distribution of mobile
carriers and under GCA assumption

2

TO 9 )+ N, = Lpeato-venmsT . Ly (3.1)

d210 €si €si €si €si
where p is the radius of the circular section. In order to calculate the potential inside the
channel the perturbation approach can be employed as already done in the DG-FinFET.
In this way the problem can be easily solved dividing the potential in two contributions,
one for the mobile carriers, 11, and one for the doping concentration N, which is seen as
a small perturbation of the potential profile inside the channel, 5.

U(p) = t1(p) + ¥2(p) (3.2)
2
dd;il _ %nieq(w—V(y))/lﬂBT (3.3)
Py g
dp2 - :SiNa (34)

by integrating once the first term on the RHS of 3.1, under the boundary condition
% = 0 which takes into account the symmetry on the channel section.

dii(p) _ ksT (1= 5) (%)
dp ¢ (1-9)(f)° -1

(3.5)

Where ( is a constant to be calculated from the gate bias condition (Jimenez et al.
[2004])

i OV(p=R,y)
Cox dp
44
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3.1 — Core Model

where AVy, is the correction due to the short channel effects. From (3.5) under the
boundary condition of ¥1(p = 0) = Vg,

kT 8NuesikpT (1 — ) )
=V, l . 3.7
N e 7
Similarly, for the perturbation
de(p) _ qNa
b e P (3.8)
_ Na s
Vo = 2. (3.9)

The equation (3.6) can be solved including the perturbation term inside the derivation
term. Being an implicit equation, numerically, using MATLAB and its function fzero, the
beta term can be calculated.

Summing up (3.7) and (3.9) the total electrostatic potential profile as function of the
radius and gate voltage can be traced

Potential as function of p, V , (y=0)=0
0.9 T T T T

=05V
=06V
=07V
=08V
=09V
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=04V
=05V
=06V
=07V
=08V
=09V

<< << < 2 <<
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< <
% % % % R F R E R B RB

<

075 B

Electrostatic Potential [V]
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25 -2 -15 -1 05 0 05 1 15 2 25

Figure 3.2: Electrostatic potential as function of V,, and p. N, = 1elb em™3, top = 1.5 nm
,R=2.5nm.

The electrostatic potential in 3.2 and 3.3 are calculated at the source end.
Fixing p = R the surface potential can be calculated from the electrostatic potential and
its dependencies from the geometrical and doping parameters.
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Electrostatic Potential at the Source (V =0)
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Figure 3.3: Electrostatic potential as function of Vs and p in 3D. N, = lel5cm™3,
tor = 1.5nm , R = 2.5 nm.
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Figure 3.4: Surface potential near the source, ¥s(p = R Vi, = 0). R = 2.5 nm, t,, =
1.5 nm.

The extraction of the potential inside the channel is fundamental to build a compact
model with satisfactory accuracy.
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Figure 3.6: Surface potential near the source, ¥s(p = R Vo, = 0).
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Figure 3.7: Electrostatic potential as function of V,, and p. R = 2.5 nm, t,, = 1.5 nm
Ny=1e® em™3 L, =1 pm.

3.1.1 Charge density

In order to extract the charge density Gauss’s law is applied

oY _ 8_¢ _ _%
(a_/))p:R <8P>p:0 €si ’ (310)
Qul Vo) = teu (1(1 ;fl AN (3.11)

where the second term in (3.12) is related to the fixed charge due to ionized dopants

Qpur = qINoR. The first term instead is related to the mobile charges which are those
contributing to the current

Qi(Vy, Ven) = Qs — Qi = 4€si

(3.12)
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Figure 3.8: Q; at V,; = 0 in the Cy-GAAFET. R = 10 nm, t,, = 1 nm.
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3.1.2 Drain current
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Figure 3.10: Output characteristics of the Cy-GAAFET. N, = 1el7 cm™3, R = 10 nm,
top =1 nm, Ly =1 pm, p,, = 136 cm™2/(V —s)

3.2 Real Device Effects

The approach I have used to include real device effects into the model is the same used
in the FinFET which can be considered as a template for the GAAFET model. In fact,
the main difference between the two models is in the set of equations leading to the
electrostatic potential function in the channel.

The short channel effects are modeled as a corrective term AV, to be included into
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3.2 — Real Device Effects
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Figure 3.11: Transcharacteristics of the Cy-GAAFET. N, = 1el7 cm™3, R = 10 nm,

tog =1 nm, Ly =1 pm, p,, = 136 cm™2/(V —s)
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Figure 3.12: Transcharacteristics of the Cy-GAAFET in logarithmic scale.

lel7 em™3, R =10 nm, t,; = 1 nm, Ly = 1 pm, p,, = 136 cm™2/(V — s)
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Cylindrical Gate-all-around FET

the gate bias equation 3.6 which will modify the extracted electrostatic potential profile
consequently, here the scale length A term is different and from Y. Taur [2021]

A=13(R+to) (3.13)
Furthermore, the quantum contribution, following (2.36) is now
h*m?
Vi = 3.14
thQM 2qm*(2R)? ( )

Channel length modulation is taken into account as a subtracting term to the L,, in
the same way as in tradition MOSFETs. Velocity saturation, finally is modeled by modi-
fying the mobility term as discussed in 2.2.3.

3.3 Capacitances

) Capacitance
) Capacitance

Normalized (1/WLG |
Normalized (1WLC,

Gate Voltage [V] Gate Voltage [V]
(a) Linear region. (b) Saturation region.

Figure 3.13: Intrinsic Capacitance. N, = 1el5 cm™3, R = 7.5 nm, t,, = 2 nm

3.4 cy-GAAFET model MATLAB implementation

The FinFET model implementation discussed in the previous chapter is here used as a
template for the GAAFET model implementation. As well as the model discussed in
2.4, for the cylindrical GAAFET, I have implemented a NMOS and PMOS stand-alone
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3.5 — GAAFET Validation and error evaluation

MATLAB codes. Many similarities in the MATLAB code structure can be found. Also
in this case, a number of toggles to include or exclude specific real device effects can be
found in the first lines of the codes.

MODE = 1; % {1,2} 1: slow/accurate 2: fast

SAT = 1; % {0,1} O: No Vel Sat 1: Yes Vel Sat

CLM = 0; % {*,1} 1: Channel Length Modulation Enabled

DIBL = 1; % {*,1} 1: Drain Induced Barrier Lowering

QME = 0; % {*,1} 1: Quantum Mechanical Effects Enabled
CAPMODE = 2; % {1,2} 1: accurate/unstable 2: approx./stable

Also in this case the user is free to choose the desired gate, drain and source external
voltage and the algorithm is able to extract the drain current at that specific bias point
and a set of three capacitances Cyy, Cgq and Cj,.

3.5 GAAFET Validation and error evaluation

pe

DopingConcentration (cm”-3)
5.000e+21

2.068e+19
8550e+16
| 35360414
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-4.1350+13
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Figure 3.14: Short GAAFET generated in Sentaurus TCAD simulation tool

To validate the model a set of Sentaurus Device TCAD testbenches the cylindrical
GAAFET are developed. A set of examples of comparison between TCAD physical simu-
lations and model extraction are shown. The accuracy for very scaled nodes is very high,
even for 18 nm node. This is because the cylindrical GAAFET, by its nature, is less prone
to suffer short channel effects that are the main contributors to the overall error.
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Figure 3.15: GAAFET Drain current, stars are TCAD extracted points. L, = 1 pm,
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Figure 3.16: GAAFET Transchar. Stars are TCAD extracted points. L, =1 ym, R =
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Figure 3.17: GAAFET Drain current with vel. Saturation, stars are TCAD extracted
points. Ly, =50 nm, R =5 nm, N, = leld em ™3, to, = 2 nm
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Figure 3.18: GAAFET electron mobility under velocity saturation. L, = 50 nm, R =
5 nm, N, = lel5 cm™3, to, = 2 nm, Vys =05V
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Figure 3.19: GAAFET Transchar. Stars are TCAD extracted points. L, = 50 nm,
R =5nm, N, = lel5 cm™3, t,, = 2 nm
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3.5 — GAAFET Validation and error evaluation

13 nm

5 nm

3.5 nm

2.5 nm

1.75 nm

1.225 nm

2 nm

1.4 nm

1 nm

0.7 nm

0.5 nm

Table 3.1: Geometrical parameters for the nodes under test.

1.4e-9

1.1e-9

833.6e-12

628.6e-12

14.7e-6

14.1e-6

13.1e-6

10.7e-6

8.6¢-6

291.2e-6

272.7e-6

542.7e-6

700.0e-6

649.4e-6

Table 3.2: GAAFET TCAD Ip current per unit length (;;im) with Vg = Vp = Vpp.

In 3.2 and 3.3 tables, all the current have been normalized to the circumference of the
specific device under test, i.e. ¢ = 27R, in order to have a quantity in unit measure
of (A/(pm)) similarly to what done in the finFET case. Starting from node 50 nm the
constant field scaling approach has been used with a scaling factor, again, of &k = 1.4.
Focusing on 3.4, model shows satisfactory results and good level of accuracy, especially
considering that no fitting parameters have been used, with the exceptions of mobility at
zero-bias condition and saturation velocity. The same considerations regarding the fin-
FET surely do apply: fitting may be improved with a simple re-scaling of the currents by
putting a multiplicative factor in front of the drain current related array in the MATLAB
script, this can be seen as a scaling of the mobility term which can be fine tuned to reduce
error, especially in longer nodes where the error looks to be more or less the same for
different gate voltages.
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903.9e-9 | 717.7e-12 | 573.1e-12
12.2e-6 | 12.5e-6 | 12.2e-6 | 10.6e-6 8.9e-6

258.1e-6 | 367.8e-6 | 511.1e-6 | 693.1e-6 | 923.6e-6

Table 3.3: GAAFET compact model Ip current per unit length (Mim) with Vg = Vp =
Vbp.

Table 3.4: GAAFET compact model Ip current relative errors with Vg = Vp = Vpp.
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Chapter 4
Conclusions and future works

In this work FinFET and cy-GAAFET core models have been developed with the most
relevant real device effects included as corrective parameters. The extracted quantities
showed a good level of accuracy which can certainly be improved by including other
secondary effects like gate-tunneling leakage, Band-to-Band tunneling at the drain level,
nonuniform doping effects, strain effects and noise. Even a better modeling of the included
ones would, for sure, reduce the relative error in saturation region, where the simulations
here presented showed the worst accuracy overall, especially for high supply voltages. Also
drain and source parassitic capacitances are missing since they strongly depend on the
contact geometry and technology. Speed of the code is another critical point to be con-
sidered, especially in large circuits and can be certainly improved by code optimization.
In any case these MATLAB implementations might, I hope, be useful to students and
researchers as a support for their work. Devices modeling is about constantly improving
while the technology evolve and when the gate length enters in the single-digit nanometric
domain a set of quantum mechanical effects start to dominate offering new challenges to
researchers. The power of this models is indeed its modularity; around the backbone of
the core model, based on simple electrostatics, many different corrections are included
which characterizes, with different level of accuracy, many other effects. This gives a big
margin of improvement.

The devices studied are highly symmetric and this symmetry has been exploited to get an
analytical expression for the electrostatic potential. In asymmetric devices the extraction
of the core model is way more challenging and in many cases cannot be possible at all. For
this reason every advanced compact model for multi-gate transistors involve the use of a
big set of fitting parameters which have to be extracted by experimental measurements.
The models implemented here can be used for system performance estimation based on
simple RC models of CMOS gates which may give indications about the advantages and
drawbacks of these technologies. In fact, they perfectly suite the TAMTAMS tool devel-
oped at the Politecnico di Torino where the inFET and GAAFET technologies could be
compared with others from a system level point of view.
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