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LIST OF SYMBOLS

k — Boltzmann constant

n — free electron concentration

n; — intrinsic electron density, 1.45%10" em™ at 300 K

q — electron charge

t, — gate oxide thickness

ts; — silicon film thickness

E, —silicon band gap, 1.12 eV at 300 K

Ip — drain current

L — channel length

N, — channel doping concentration (of acceptors)

Nps — source/drain doping concentration (n+ type)

QOry — a real density of free carriers under threshold conditions
S — subthreshold swing

T — absolute temperature

Vi — junction built-in voltage between the source/drain and intrinsic silicon
Vps — drain-to-source voltage

Vs — gate-to-source voltage

Vry — threshold voltage

Vit iong — long channel threshold voltage

AV — threshold voltage roll-off

- reciprocal of thermal voltage, ¢/(kT), 38.68 V' at 300 K

& — dielectric constant of vacuum, 8.854* 10712 Frepy!

&; — relative dielectric constant of silicon, 11.9

&, — relative dielectric constant of silicon oxide, 3.9

¢ — difference between Fermi level and intrinsic level in silicon
¢r — difference between Fermi level and electron quasi-Fermi level
Ap; — intrinsic Debye length, 48.49 um at 300 K.

A; —eigenvalues, j=1, 2, 3, ...
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A; — lowest-order eigenvalue, length scale

x — electron affinity in silicon, 4.05 eV

¢ — electrostatic potential referenced to Fermi level

¢.,s — work function difference between gate material and silicon channel
r — back scattering coeffeicent

1 — fermi energy level

g4~ transconductance

g4 —channel conductance

v — thermal velocity
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CHAPTER ONE

Multiple Gate MOS Devices Structures and
Performances

1-A Introduction

Thin film MOSFETs are very attractive for sub-100 nm CMOS applications
because of their steep subthreshold slope and a low body effect coefficient. SOI
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microprocessors with a 22% speed improvement over bulk have been reported
recently [1]. Fully depleted MOSFETs with a gate length of 50 nm and a
switching speed less than a picosecond [2] have been reported. To minimize short
channel effects and to maintain full depletion if the doping concentration in the
channel region is increased, the silicon film thickness must be scaled down with
gate length. While devices made in films thicker than 20 nm have excellent
mobility and current drive characteristics [2], significant mobility degradation is
observed in devices made using a silicon film thickness less than 10 nm [3]. If a
metal gate is used instead of N polysilicon the doping concentration in the film
can be reduced, which allows for fully depleted operation in thicker silicon films.
This decrease of doping concentration, however, degrades the short channel
characteristics and subthreshold slope through an increase of penetration of the
drain electric field lines in the channel region [4], [5]. To prevent the electric field
lines originating at the drain from terminating under the channel region, special
multiple-gate structure devices have been reported. Such multiple-gate devices
include double-gate and triple-gate structures such as the quantum wire [6], the
FinFET [7] and II-channel SOI MOSFET [8], and quadruple-gate devices such as
the gate all-around (GAA) device [9], the DELTA transistor [10], Omega
MOSFETs [11], and Pi-gate SOI MOSFETs [12]. It is well known that the
double-gate (top and bottom gate) silicon-on-insulator (SOI) MOSFET and the
gate-all-around device are the most suitable device structures for suppressing
short-channel effects such as DIBL and subthreshold slope degradation [9], [12-
15]. Unfortunately the process proposed to fabricate such devices is incompatible
with standard CMOS or even SOI CMOS manufacturing. The Pi-gate SOI
MOSFET structure was first introduced in [12].
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Different multiple gate structures have been proposed: double-gate MOSFET,
FinFET, surrounding-gate MOSFET. Fig. 1.1 shows the existing gate
configuration for thin-film SOI MOSFETs: 1) single gate; 2) double gate; 3) triple
gate; 4) quadruple gate (or GAA). The new proposed gate structure is a triple-gate
MOSFET where the gate electrode extends to some depth in the buried oxide on
both sides of the device. The gate is in the shape of the uppercase Greek (Pi)
letter. The gate extension in the buried oxide shields the back of the channel

region from the electric field lines from the drain almost as perfectly as an actual

back gate would.
2 D d D 4
s 8 s
1 2 3
Buried Oxide

Fig. 1.1 the existing gate configuration for thin-film SOl MOSFETs.

Their main advantage is an excellent electrostatic control of the channel, which
reduces the short channel effects. On the other hand, since the conduction takes
place in a volume instead of just one surface, these devices present higher
mobility than conventional bulk MOSFETSs because there is less scattering; their
operation can even be near the ballistic limit for very short channel devices.

In multiple gate devices, the use of a very thin film allows to downscale the
devices without the need of using high channel doping densities and gradients. In
fact, undoped films can be used: the full depletion of the thin film prevents punch-
through from happening. Besides, the absence of dopant atoms in the channel

increases the mobility by suppressing impurity scattering. On the other hand,
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unwanted dispersion of the characteristics is avoided; this dispersion results from
the random microscopic fluctuations in ultra-small devices.

Multiple gate nanoscale devices have many advantages in circuit performance. A
very high packaging density is possible because of the small size of these devices,
caused by the short channel and the thin film. Because of the higher mobility,
transconductance can be higher, which gives more current gain and allows a
higher operating frequency. Therefore, multiple gate nanoscale devices have a big
potential for RF and microwave applications. The analog performance is also very
good. Voltage gain is much higher than in conventional bulk MOSFETs, and
especially in moderate inversion: the reduction of short channel effects leads to a
higher Early voltage (I-Vg4s characteristics are flatter in saturation), and on the
other hand the g./l; characteristics have higher values than in conventional
MOSFETs. Regarding digital applications, the small subthreshold swing of
multiple gate devices keeps a high ratio between on current and off current even

for devices with channel lengths of the order of nm.

1-B Fabricating challenges

Anyway, multiple gate structures present some difficulties in fabrication. In
double-gate MOSFETs, the alignment of the top and the bottom gates to each
other and to source/drain doping is critical for the device performance;
misalignment can cause an additional overlap capacitance between gate and
source or drain, as well as an additional series resistance.

Because of its intrinsic self-aligned process, FInFET devices seem to be the first

multiple-gate devices that will appear in the market. Devices with channel lengths



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN:

978-84-690-8295-9 / D.L: T. 1514-2007

18

SCEs in undoped multiple gate MOS

of 18 nm have been successfully fabricated. FinFETs work as double-gate devices
when the width of the silicon fin is much smaller that its height.

In triple-gate structures an inversion channel forms not only at the planar sides of
the device, but also in the corners where two such sides meet. It has been shown
that premature inversion can be reached at the corners, which degrades the
subthreshold characteristics and creates an wundesirable kink in the
transconductance versus gate

voltage curve [16]. The FinFET is a double-gate device, since the top of the
silicon fin is covered by a hard mask. However, due to processing conditions a
slight lateral over-etch of the hard mask can occur. As a result, the top corners of
the fins can be exposed to gate oxidation and become the weak point in the gate
oxide as well as the host of corner inversion. Similarly, a slight over-etch of the
buried oxide below the fin will expose the

bottom corners, in which channels can form as well. Premature corner inversion is
an undesirable effect. It can be avoided by reducing channel doping or by
rounding the corners of the fins [16]. In [17], hydrogen anneal prior to gate
oxidation was proposed to round the corners and thereby reduce leakage currents,
as shown in Fig. 1.2. Table 1.1 indicate the improvements taken place in DIBL,

threshold voltage, and subthreshold slope due to smoothening the corners.
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Fig. 1.2 Schematic and TEM cross section of a FInFET without (A, C) and with (B, D) hydrogen
annealing [17].

Vo (mV) Vg (m'Y) DIBL 5 5

Vp=0.05Y V=12V (mv) {mV/dec) | (mV/dec)

V=005V | V=12V
Deviee A 185 30 133 87 17
Device B 250 115 135 8l 91
Deviee C .05 =015 5 6 0

Table 1.1 Threshold voltage, DIBL and subthreshold slope in the n-FinFETs, [17]

Through the previous simulation results for the GAA MOSFETs, the design
optimization for proper suppression of short-channel effects yields the following
device parameters[18-19]:

the gate length, the fin width, and the fin height were all 30 nm, and the gate-
oxide thickness was 2 nm. As a result, the performance of GAA MOSFETs had
been improved with a cubical channel.

To study short-channel behavior of corner-effect-free GAA MOSFETs, the
simulation for ideal cylindrical-channel MOSFETs was performed as shown in
Fig. 1.3. In the case of ideal cylindrical-channel MOSFETs, the main device
parameter is the cylinder diameter. The cylinder diameter was set to be 30 nm,
which was the same as the fin width in the cubical-channel MOSFETs. Fig. 1.3b
shows the transfer characteristics of the cubical-channel MOSFETs and the ideal
cylindrical-channel MOSFETs. The results of the simulation were summarized in
Table 1.2. In cylindrical-channel MOSFETs, the OFF current was remarkably
reduced because the channels were equally affected by the gate electric field while
the electric field was out of balance inside the channel in the cubical-channel
MOSFETs. SS as well as DIBL in the ideal cylindrical-channel MOSFETs were

smaller than those in cubical-channel MOSFETSs with corner effects.
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Fig. 1.3. a) Cross-sectional views of the optimized cubical-channel MOSFETs and ideal
cylindrical-channel MOSFETs without corner effects. In the case of ideal cylindrical-channel
MOSFETs, the main device parameter is the cylinder diameter. The cylinder diameter was set to
be 30 nm, which is the same as the fin width in the optimized cubical-channel MOSFETs. b)
Transfer characteristics of cubical-channel GAA MOSFETs and ideal cylindrical-channel
MOSFETs. ¢) The SS as well as DIBL in the ideal cylindricalchannel MOSFETs are smaller than
that in cubical-channel MOSFETs. d) In cylindrical-channel MOSFETs, the OFF current is
remarkably reduced[18].

xide
eale
channel |

Fig.1.4 TEM view of (a) a single and (b) four channel wrap-around-gate MOSFET, (c) A cross-
sectional view of the n-channel nanowire MOSFET [19]
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The cylindrical surrounding gate MOSFET, in Fig. 1.4, allows a more drastic
reduction of the short-channel effects. In this device, a gate electrode surrounds
the pillar silicon island, which can be formed by conventional trench process
techniques.

For designers, one of the main challenges is to have appropriate threshold voltage
values for integrated circuits; if the device films are not doped, threshold voltage
control will rely on successfully using metal gates and engineering the work-
function.

Another challenge for device engineers is to reduce parasitics, such as the series
resistance and the fringing capacitance. It has been proposed to reduce the series
resistance by using metal sources/drains, since the resistivity of metal is two

orders of magnitude smaller than that of heavily doped silicon.

1-C Modeling challenges

The multi-gate devices that control the channel from multiple sides and very thin
body devices are new to circuit and system designers. These devices need to be
modeled to understand and predict the functionality of the circuits. Compact
device models are used in circuit design. New compact models that accurately
model these novel devices, and are computationally efficient, are in development.
There are new physical effects that now need to be incorporated into these device
models.

The use of multiple gate devices in circuit design is critically dependent on the
availability of accurate models for these devices, valid for DC, AC, transient and

noise analysis. Using appropriate models, circuit simulation allows to design
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circuits with devices of adequate dimensions. Circuit simulation requires accurate
models of the current and the terminal charges (from which capacitances are
obtained) of the devices. These models should be based on expressions with a
sufficiently high order of continuity.

Lack of continuity between the different operating regimes leads to convergence
problems in circuit simulation. In conventional MOSFETs, there have been a
trend to move from piecewise models (with continuity problems) to unified
models with an infinite order of continuity. Smoothening functions are often used
to assure the continuity between different operating regimes. For the same
reasons, multiple-gate MOSFETSs will need unified highly continuous models.

For proper modeling of nanoscale MOSFET for VLSI circuit simulation, accurate
and physics-based compact models are required. The modeling principles for
these devices are somewhat different from conventional bulk MOSFETs, since
volume conduction should be considered. For undoped double-gate and
surrounding-gate MOSFETs the depletion charge does not need to be included in
Poisson’s equation, which allows exact analytic solutions of the potential without
the charge-sheet approximation, valid for all operating regimes. The gradual
channel approximation (which assumes that the quasi Fermi potential stays
constant along the direction perpendicular to the channel) is used. A compact
expression of the channel current is obtained assuming that transport is based on
drift-diffusion.

Accurate models for undoped double-gate [20-23] and surrounding-gate
MOSFETs [20],[24-25] have been recently developed using the above principles,
showing good agreement with three dimensional numerical simulations. These
models assume that the electrostatic control of the channel is so good that short-

channel effects can be neglected. The inclusion of short-channel effects in
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multiple gate MOSFET models, using physical equations and without decreasing
the order of continuity of the devices, is still a modeling challenge.

For devices with channel lengths shorter than 50 nm, the drift-diffusion
mechanism may not be the dominant transport mechanism. Ballistic or quasi-
ballistic transport may occur. Adequate models for nanoscale devices must
consider the balllistic or quasi-ballistic regime[26-44]. So far, several models have
been developed for multiple gate MOSFETs in the ballistic regime, in particular
double-gate and surrounding gate MOSFETs. In these models it has been assumed
that the electrostatic control of the channel is strong enough, so that short channel
effects can be neglected. Next step in ballistic regime modeling will be the
consideration of the short-channel effects.

Anyway, the main modeling challenge regarding transport is the development of a
transport model formulation that makes the current tend to the expression in the
ballistic regime for nanometer channel lengths and to the expression in the drift-
diffusion limit for longer channel lengths.

On the other hand, for films smaller than 10 nm, quantum confinement in the film
may not be negligible. The subband contributions should be considered in the
drain current equation. The quantum effects affect the distribution of charge in the
film and as a consequence, the threshold voltage (increase of the threshold voltage
in an n-channel device). Some recent models which consider the band structure of
silicon have been recently presented. At very low temperatures, quantum
confinement of the charge becomes more important, and this affects the shape of

the transconductance characteristics [25], see Fig. 1.5
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Fig. 1.5. Bottom of subbands and transconductance characteristics of a cylindrical surrounding
gate MOSFET with a 65 nm diameter Si film Dotted line: measurements [25] Solid line: model.
Vg4 =2 mV.

A succession of peaks and valleys are observed, which correspond, respectively,
when the bottom of the subbands cross the quasi-Fermi energy levels at the source
and drain. The location of peaks and valleys has been accurately predicted. These
models should be still completed with the inclusion of short channel effects.

In the other hand, most of the work done to study the SCEs for the multiple gate
MOS devices has neglected the mobile charge density term when solving
electrostatic potential. However, it is important in the near threshold regime. For
the Double Gate MOSFETs, Linag et. al [45], developed a 2D potential model
neglecting the effect of mobile charge term. However they did not introduce any
explicit threshold voltage model nor a subthreshold swing model (see Fig. 1.6).
Chen et. al [46] , have considered the effect of the conduction path to calculate the
SCEs for the DG MOSFETSs, but the model is not able to calculate the DIBL
effect. [47-48] have studied the SCEs for the doped GAA MOS devices, but
neglecting the mobile charge. Pie et. al [49], introduced subthreshold swing model
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and the threshold voltage roll-off in the FinFET but for high doped channel
devices. The model does not provide a good fitting with the numerical

simulation, as shown in Fig. 1.7.
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Fig. 1.6. Analytical solutions of the subthreshold slopes for symmetric and asymmetric DG
MOSFETs (solid curves) compared with 2-D numerical simulation results (dashed curves)[45]
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Fig. 1.7 Comparison of subthreshold swing from numerical and analytical solutions for both linear
(V=0.1V) and saturation (V = 1.5 V) regions. [49]
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In this thesis we study the three undoped multiple gate MOS devices, i.e., Double
Gate MOSFETs, Cylindrical Gate All Around MOSFET, and Tri-Gate FETs. In
this work we have modeled the SCEs for the whole three devices considering the
mobile charge density. The SCEs effects that have been studied through this thesis
are: Threshold voltage, Subthreshold swing, Threshold voltage roll-off, and DIBL
effect. The SCEs have been verified with numerical simulation results from
DESSIS, and the allowable experimental results that were done in the Micro-
electronics Laboratory (DICE) in the Microelectronics Laboratory, Université
catholique de Louvain, Belgium.

The thesis organized as: Chapter (2) modeling of SCEs for the undoped three
devices, Chapter (3) studies the current transport (Drift-Diffusion, Ballistic, and
Quasi Ballistic) for the three devices. Finally chapter (4) summarizes the work

done and the future points that needs to studied.
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CHAPTER TWO

Short Channel Effects (SCEs) in Undoped
Multiple Gate MOS Devices

In this Chapter

This chapter is aimed to study the physics insight of the Multiple Gate MOS
Devices; Gate All Around MOSFETs, Double Gate MOSFETSs, and FinFETs.

The chapter is divided into four parts based on the device structures,

Section 2A) is divided into two main Parts, in both parts an analytical, physically-
based, models for the threshold voltage and the subthreshold swing of undoped
cylindrical Gate All Around (GAA) MOSFETs have been derived based on an
analytical solution of the two-dimensional (2-D) Poisson equation (in cylindrical
coordinates) with the mobile charge term included. In (2A-1), The model was not
able to calculate the DIBL effects, it was only valid for low drain-source voltages,
as it was done before by Chen., et. al[46] for the Double Gate MOSFET. In (2A-
2), the model has been modified by solving the 2-D Poisson equation taking into
account the variations of drain-source voltage, therefore the model was finally

able to calculate the all SCEs including DIBL effects.

In section 2B) we have studied the Short Channel Effects in the Undoped Double
Gate MOS Devices, by introducing new models for subthreshold swing,

Threshold Volatge, Roll-Off and DIBL effects.
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Section 2C) A 3-D analytical model for the undoped FinFET devices, has been
studied. We introduced for the first time new models for subthreshold swing,
threshold voltage, DIBL, and roll-off.

Section 2D) A comparison have been done between the DG, and GAA MOSFET
performances at low subthreshold swing value (S=70mV/Dec), and from this
comparison we have predicted the device dimensions to verify this subthreshold
swing value.

For the whole device structures, we have taken into account the mobile charge
density when solving 2D Poisson equation (in DG MOS Devices), or 3-D Poisson
equation (in GAA MOS Devices, and FInFET Devices).

We have verified the GAA, and DG MOS device models by comparison with the
numerical simulation results. For the FinFET devices we have validated the
subthreshold swing model with both numerical and expermintalas results done at
the Microelectronics Laboratory, Université catholique de Louvain, Belgium. The
rest of FInFET models have been verified by comparison with the numerical

simulation results.
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(2-A) Part (1): Short Channel Effects (SCEs) In Undoped
Cylindrical Gate All Around MOSFET

In this section

The Poisson equation in cylindrical coordinates for undoped cylindrical GAA MOSFETSs at low
drain-source voltage values has been solved, and from the electrostatic potential we have
developed new models for threshold voltage, subthreshold swing, and threshold voltage roll-off
[50-53].

2A-1 Introduction

The Gate All Around (GAA) MOSFET is considered one the most promising
devices for downscaling below 50nm[54-58]. By surrounding the channel
completely (Fig. 2A-1a), the gate gains increased electrostatic control of the
channel and short-channel effects can be drastically suppressed. Apart from the
benefit of allowing a shorter a channel, the GAA MOSFETs can achieve a higher
packing density due to their enhanced current drive compared to planar
MOSFETs. The downscaling of device dimensions has been the primary factor
leading to improvements in IC performance and cost, which contributes to the
rapid growth of the semiconductor industry.

However, even in GAA MOSFET devices, Short Channel Effects (SCE),
such as the threshold voltage roll-off, the DIBL and the subthreshold swing
degradation, cannot be neglected for channel lengths below 100nm [59].

The threshold voltage roll-off is a consequence of the charge sharing effect

and typically considered one of the main indications of the short channel effect
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(SCE). Another important SCE is the subthreshold swing degradation, which
leads to a higher off-state current.

The DIBL (drain-induced barrier lowering) effect occurs when the barrier
height for channel carriers at the edge of the source is reduced due to the influence
of drain electric field, upon application of a high drain voltage. As the voltage
drop between the source and drain increases, the depletion region under the drain
can lower the potential barrier of the source-to-channel junction. If the barrier
between the source and channel is decreased, electrons are more freely injected
into the channel region. Therefore the threshold voltage is lowered and the gate
has less control of the channel.

Compact and accurate models of the threshold voltage (including DIBL) and
the subthreshold swing are needed in order to ease the use of these devices in
nanoscale integrated circuits.

Most of the existing GAA MOSFET models are based on one-dimensional (1-
D) analysis, and are suitable only for /ong-channel devices [58][63-64]. As
consequence, they are unable to reproduce the roll-off as the channel length is
reduced.

A two-dimensional analysis is necessary to derive threshold voltage and
subthreshold swing models that properly account for the channel length
dependence. A few 2-D models of the threshold voltage for doped [60-61] and
undoped [62] GAA MOSFETs have been presented; however, all of them neglect
the effect of the mobile charge density, which can be important in the near-
threshold regime (in particular for undoped devices).

In this section, we present 2-D models for the threshold voltage (including the

DIBL effect), and subthreshold swing of a cylindrical undoped GAA MOSFET
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including the effect of the mobile charge density. The dependences of channel
length, thickness and drain-source voltage are accounted for.

An appropriate definition of the threshold voltage for these devices has been
used. In bulk MOSFET, it is usually defined as the gate voltage at which the
surface potential is equal to two times the Fermi level (band bending difference at
the surface between the Fermi level, and the intrinsic level of silicon in the neutral
region). Nevertheless, this definition is not adequate for DG and GAA MOSFETs
(in particular for undoped devices), where there is inversion or accumulation in
the whole film, and not only at the surface. In DG MOSFETs the threshold
voltage has been instead defined as the gate voltage at which the minimum sheet
density of carriers, Qiny, reaches a value Qg which can be identified as the onset
of the turn-on condition[46],[65]. We have applied the same definition to GAA
MOSFETs.

We observed a quite good agreement with the results obtained from 3-D
numerical simulations with DESSIS-ISE for different channel lengths/thickness
and from low to high drain-source voltage values. The structure of the section is
the following: subsection (2A-2) explains the derivation of the potential model
from the solution of the 2D Poisson’s equation. In subsection (2A-3), the
derivation of the expression of the location of the minimum potential is explained.
In subsection (2A-4), the derivation of the threshold voltage model, using the
value of the minimum potential, is presented and its dependence with the silicon
thickness, channel length and compared with 3D numerical simulation results.

Subsection (2A-5), presents the model of subthreshold swing.
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2A-2 Potential Model Derivation

Fig. 2A-1 shows the cross section of the symmetrical GAA-MOSFET considered
in this work. In order to illustrate the behaviour of the compact model we have
assumed a GAA-MOSFET with Si-SiO, interface parallel to (100) plane. The
channel is undoped (210'°cm™), the n" source and drain are highly doped, and all

calculations have been done at room temperature.
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(b} (%, £) x X
nt L n
- — -
r=r,, x=0 I=rg, x=14
Loy
Surrcunding gate

Fig. 2A-1. Cylindrical GAA-MOSFET considered in this work, a) 3-D device structure, and b)
Cross section.

The channel electrostatics under threshold condition is governed by the Poisson

equation with only the inversion charge term included:
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v2¢(r,x):fn Q2A-1)

St

where ¢ is the electrostatic potential referenced to the Fermi level in the source
[66-67], the electron density is given as

n=ne )" (2A-2)
where »; is intrinsic electron density in silicon, Vr is the thermal voltage, and ¢,
is the non-equilibrium quasi- Fermi level referenced to the Fermi level in the
source, satisfying the following boundary conditions:

¢7(0,7)=0 (2A-3)
¢r (L,r)=Vps, (2A-4)
Vs being the drain voltage.

The boundary conditions for ¢ are given as:

Cox (VGS - ¢ms - ¢('x’i ti)) = igSiM (ZA'S)
2 or |,_.ts
2
#(0,r) =V, (2A-6)
H(L,r)=Vy +V, (2A-7)

where Vs is the gate voltage, dns is the gate work function referenced to intrinsic
silicon, and Vy,; is the built-in voltage given as ( Vy -In(Ngp/ni) ,~0.6V), where Ng/p

is the source/drain doping density. Equation (2A-5) arises from the continuity of
the normal component of the displacement vector across interfaces. The source-
and drain-side boundary conditions (2A-6) and (2A-7) are idealized assuming
negligible depletion regions inside source/drain, which is justified when the

source and drain junctions are abrupt and source/drain are several orders of
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magnitude more heavily doped than the channel as in undoped devices.
Determination of the potential ¢ requires Eq.(2A-1) to be coupled with a
transport equation (for example, the drift-diffusion equation[75]) for the quasi-
Fermi level ¢z Numerical simulations shown that ¢ is virtually constant in the
channel depth direction and varies only in the channel length direction. While it
incurs most of its change near the drain, it stays close to zero in the mid-channel
and near-source regions, where the conduction-determining potential barrier (or
virtual cathode) is located. Based on these observations, @p(x,7) is approximated to
first order as a 1-D &-function, i.e., is assumed to be zero everywhere except at the

end of channel (x=L) where it reaches Vgs. Such an approximation is implemented

by modifying (2A-1) and (2A-7) as follows:

2
%g r%qﬁ(x, r) + ;—2¢(x, r) = giﬂ nl.e¢(x’r)/VT
(2A-8)
O(L,r)=Vy (2A-9)

Although this 1-D &-function approximation of ¢ makes subsequent solutions
independent of V4 and the final result not able of directly calculating drain
induced barrier lowering (DIBL)[46], it is valid to calculate the threshold voltage
at low Vg5 values, and therefore, determine the threshold voltage roll-off.
Therefore, the problem is formulated as to solve the 2-D Poisson Eq.(2A-8) for
the potential with boundary conditions given in (2A-5), (2A-6), and (2A-9). That

1s, ¢(x,r) is to be written in the following form:

o(x,7) = 01 (x) + ¢, (x,7) (2A-10)
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where ¢,(x) is the solution to 1-D Poisson equation:

o _a

=L (2A-11)

with boundary conditions:

$(0) =Vy; (2A-12)

h(L) =V, (2A-13)

And ¢, (x,r) is the solution to residual 2-D equation,

%% r%%(x, r)+ 6%22 b, (x,7) = %nieﬂx’”% (2A-14)

with boundary conditions:

Voot 4] 20,0 A-15)
2

$,(0,r)=0 (2A-16)

¢ (L,r)=0 (2A-17)

where C,. is an effective oxide capacitance (per unit area) for the cylindrical

geometry, given by[67] as:

C, =c, / (’;ilog(nzzox tg )) (2A-18)
The 1-D equation (2A-11) can be solved [76-78] as:
2 X 1
@(x) =y, + V7 ln{sec {B(z - Eﬂ} (2A-19)
where:
i

2+ ki e

Gom = Vi —2V7 In——— (2A-20)

T
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and
B=—T" 2A-21
7 ( - )
12 ko
Iy

Ai being the intrinsic Debye length given as:

L, =+2V5eg /qn; (2A-22)

Fig.2A-2 shows the solution of 1-D Poisson equation in Eq.(2A-19), The

minimum potential value, ¢,,, , takes place very close to the middle of the channel

length.

0.6

0.57

0.54

LN L

048 f%m

KN

] 0.2 04 .6 0.3 1
Normalized position, x

Fig.2A-2 The potential along the channel (normalized) of 1-D Poisson solution, Eq.(2A-19). The channel
length is 20nm.

The residual 2-D equation is solved by variable separation, which is a suitable
method for solving both Laplace and Poisson equations (a solution guide was

introduced in Appendix 2A-1):
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0y (x,r) = f1(x)- f2(r) (2A-23)
For 0<r<tg/2 and 0<x<L, f(x),and f,(r) are given as:
. Y Y
4sin(y-x)—2cos(y - x)[tan(— X, ) +Htant (x—xmm)} -
2 2
Six)= :
tan(% -xmm)-tan(g (x—x,. ))-sin@-x)
(2A-24)
V¢ — _
C GS ¢ms ¢0m %(Bﬂ . [l—ll’l(?]/ 2)]
2171, (1) +1,(17)
C(IX
fo()=1,2n-r)-(1=n(-1)) (2A-25)

where Iy, and I;, are the zeroth order modified Bessel function of the first kind,
and the first order modified Bessel function of the first kind. y(=2B/L) is the
separation factor and 7= B-tg;/2-L. The total potential can be obtained by
substituting both Eq.(2A-19), and Eq.(2A-23) in Eq.(2A-10). We have observed

that the model exhibits the expected symmetry of the potential along the GAA
MOSFET axis.

2A-3 Threshold voltage derivation

The minimum point at which the potential reaches its minimum value at low Vs

is approximately at the middle of the channel. The determination of the minimum
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potential is necessary for the threshold voltage calculation. We rewrite Eq.(2A-10)

at the minimum potential value as:

Prmin (X, 7) = i () + Doy (X, 7) (2A-26)
where:

D1 min (V) = 01 (x =0.5) =9, (2A-27)
and

O g (1) =y (x=0.5,7) (2A-28)

where «a(=0.6-0.75) is constant and can be calculated from the fact that
A | dVes|, . =1[65].

The threshold voltage is defined as the gate voltage at which the minimum sheet
density of carriers, Qjny, reaches a value Qry adequate for identifying the turn-on
condition[65],[46]. The numerical simulation results indicates that
Ory ~1.2:10"2 cm =2 (Appendix 2A-1). The minimum sheet density of the channel

carriers Qiny 1S Obtained by integrating their spatial density throughout the entire

channel thickness at the channel location where the potential is minimum as:

1512 1512
Oy = J.nl-e%” Wrdr =2 In[e¢”’f” "r dr (2A-29)

—tg 12 0
One step is sufficient to solve the last integration numerically as:

Qinv ~n, ot e[¢om+A‘(VGs*¢mx*¢nm Yo/ Vr (2A_30)

S1

where
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C -1
s fie] S 2o A1)
ox
where """ <0, and Cg; is the silicon capacitance per unit channel thickness.

Applying (2A-30) at the threshold voltage condition we find an explicit

expression for the threshold voltage as:

Vi =@, + ¢0m + (VT ln[nQn;l

J— ¢omj/ [A-1,(7)] (2A-32)
Therefore, we have obtained a compact threshold voltage model for GAA
MOSFETs.

If the channel length is long enough (at (= 0.6) ), the parameter A is saturated at
0.8, and Eq.(2A-32) can be written as:

41,(n)-5
Vi = +(%VT h{ o J‘ = ZW )}/ 1,(n) (2A-33)

n -t

1 N

From (2A-33) we can observe that, as expected, for long channel devices the
threshold voltage does not depend on the channel length.

We want to remark that quantum effects, which can be important for Si film
thicknesses smaller than 10 nm, have not been considered in this work; they lead
to a reduction of the channel charge density and an increase of the threshold
voltage [69]; however, the quantum correction to the threshold voltage is much
smaller in lightly doped devices than in highly doped ones [70]. Another effect
caused by quantum confinement in thin Si films is a small reduction of the
subthreshold swing [71]; however, as the Si film thickness is decreased, the
excellent gate control of the channel makes the electron distribution unimportant
and therefore, the quantum correction to the subthreshold swing becomes

negligible.
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2A-4 Threshold Voltage and its sensitivity

A good agreement with the numerical simulation results (for more details about
numerical simulation see appendix 2A-1) was obtained for different channel
lengths. Fig.2A-3 shows the plot of the calculated values of the threshold voltage
versus the silicon film thickness for two channel lengths. Good agreement is
obtained with 3-D numerical simulations (using DESSIS-ISE). For L=100 nm the
long-channel approximation, Eq(2A-33) has been applied.

na
=)
% 0.53
= ——  Analytical model..
= -
= [ Humerical
= 0.6
S
=
]
2
E 054
=
0.52
0.3 o 2 4 & 2 10 12 14 15
Silicon Thickness [nm])
[al
L=100 nm
LU
=
] "
o o ———  Analytical model.
ie -
- [ ] Humerical
=
= 052
=
[
1]
=
= 0.6

i} 2 4 & =] 10 12 14 16
Silicon Thickness [nm)

[b]

Fig.2A-3 Plots of the threshold voltage versus the Silicon thickness. Comparison between the calculated
values of the threshold voltage obtained from a) Eq.(2A-32), and b) Eq.(2A-33), and the values obtained
from 3-D numerical simulation results (DESSIS-ISE).
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The threshold roll-off, AV, , is defined as the difference between the threshold

voltage of a device with a certain channel length and the long-channel threshold

voltage (which is independent of the channel length). From Eq.(2A-32), and

Eq.(2A-33) we find:

AV v 1{QTHJ_¢ (=1257A) (2A-34)
T . om

TH nt 1,

i si

This roll-off model was compared with 3-D numerical simulation results
(obtained with DESSIS-ISE). As shown in Fig. 2A-4, close agreement was

observed.

Tawx= 1.5mm

tsi = 1.5nm

2B tsi = 5nm

€= tzi = 10nm

e tEl = 15nm
Equivallent numencal

®  esults

=200

=300

Threshold Yoltage Roll-off [mY)

- 400
100 1000

Channel length [nm])

Fig. 2A-4 Plots of the threshold voltage versus the channel length. Solid lines: analytical model. Black
circles: 3-D numerical simulation results (DESSIS-ISE).



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN:

978-84-690-8295-9 / D.L: T. 1514-2007

42

SCEs in undoped multiple gate MOS

2A-5 Subthreshold swing model

The point at which the potential reaches to its minimum value can be obtained

directly results to be, from (2A-19):
Y. == (2A-35)

The resulting value of the minimum total potential is, from (2A-10):

Vos = Pus = o)L (21 - 1) (2A-36)
CSi 2n-1,(n)+1,(n)

ox

¢min = ¢0m - COS(2xmB)

Eq.(2A-36) gives the location of the virtual cathode value. The dependence of the
virtual cathode value on the biasing values, and the device dimensions are noticed
through Eq.(2A-36).

To find an expression for the subthreshold swing, we assume that the
subthreshold drain current, Iy, is proportional to the total amount of free electrons

diffusing over the virtual cathode [72]:

Lsi)2

I, a [ne mn™ " gy (2A-37)
0

The subthreshold swing, S, can be expressed as:

-1

Ty P )
jn,ﬂr)%dr
__Yes |10 il v, In(10) (2A-38)
ologlp ]. o
nm rar

r=0
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where »,,(r) is denoted as:
n, (r)y=n, e’ (2A-39)
g .
Using Eq.(2A-36) in Eq.(2A-38), and taking the value of n(r) and af/mm (r) at
GS

r=tsi/2 (to have an approximate solution of the integral) the final subthreshold

swing is obtained as:

C,,
2CS’ n-1,(m+1,(n)

§=——o v, -In(10) (2A-40)

1, (n)cos(2x,,B)

Therefore, a closed form expression for the subthreshold swing has been
introduced in Eq.(2A-40). The minus sign in Eq.(2A-40) will be reversed by the
sign of the cosine function to be positive, where B, is closer to m. A good
agreement is observed in Fig. 2A-5 compared with the 3-D simulation results for
different channel lengths. The model introduced in Eq.(2A-40), produces a

maximum relative error of about 0.015 for very short channel lengths.
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Fig. 2A-5 The subthreshold swing for Gate All Around MOSFET with t;=5nm, and t,,=1.5nm. Diamond
points:3-D numerical simulation results (DESSIS-ISE); lines: analytical model.

(2-A) Part (11): Short Channel Effects (SCEs) In Undoped
Cylindrical Gate All Around MOSFET
Including DIBL Effects

In this section

The model introduced in the Sec.(2.A-1), was not able to calculated the Short Channel Effects
SCEs for high drain-source voltage values which limits the model accuracy. In this section,
analytical, physically-based, models for the threshold voltage, the subthreshold swing and DIBL
of undoped cylindrical Gate All Around (GAA) MOSFETs have been derived based on an
analytical solution of the two-dimensional (2-D) Poisson equation (in cylindrical coordinates)
including the mobile charge term, by using new techniques that allow to consider the effect of

drain-source voltage[80-81].

2A-6 Potential Model Derivation

We shall solve again the Poisson Equation [in Eq. (2A-1)], with complete

boundary conditions or,

C (Vs — e —(xary) = e% (2A-5)
4O =V, (2A-6)
¢(L,r) = Vbi + Vds (2A-7)

The drain current can be written as,
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I, =q-unlrx)- d;; g e el ) % A
or

Vs

Jer g,
ly=qn pu;j——— (2A-42)

j e PN Ve o
0

where p is the electron low field mobility, and »,=tsi/2. In subthreshold the quasi-
Fermi potential can be considered to have its value at the source end in most of
the channel [46]; in fact, this is only the region which significantly contributes to
the integral in the denominator on the right-hand side of (2A-9) [68]. Therefore,
for practical purposes, in the 2-D Poisson’s equation we can use the expression of

the electron density with ¢z=0 (value of quasi-Fermi potential at the source)

—n Ae¢(x,r) 1V

= (2A-43)
The potential can be written as the sum of two terms: ¢, (), which is the solution
of the 1D Poisson’s equation in the radial direction, and ¢;(x,7) which is the
solution of the remnant 2D differential equation:

P(x,r) = o (1) + ¢y (x,7) (2A-44)

Therefore, ¢,(x)is the solution of:

V24, (r) =—Ln (2A-45)
where
n=n,eh"Vr (2A-46)

The boundary conditions of 4, (r) are:
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Yl _y (2A-47)
or r=0
and
0
Cor ’ [VGS - ¢ms - ¢0 (r0 )] =& ﬂ (2A'48)
4 or .
where from [25][67],
ty=ryIn(1+t, /ry) (2A-49)
#,(x,7) 1s the solution of the remnant 2D Poisson’s equation:
V2 (x,r) = el n,e? —inl—e%(r)wr (2A-50)
gsi gsi
or
V2¢1 (x,r)= 4 n[e¢”(r)/VT [e¢1(r’x)/VT —1] (2A-51)

Assuming ¢@;(r,.x)/Vr is small, Eq.(2A-51) can be reduced to be a Laplace equation

form. Therefore, ¢, (x,r) can be considered the solution of:

2
122 e+ 2 i) =0 (2A-52)

I/‘_ —_—
ror or o

where the boundary conditions of ¢, (x,r) can be written as:

$(0,r)=Vy; =@y (1) (ZA‘53)

G (L,r)=V,+V,, —¢,(r) (2A-54)

and

S g (ry, ) = 5, - L) (2A-55)
t or

7o

The solution for the 1-D potential term ¢, (r) is given by [58][67] :
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B
NG I e — (2A-56)
S (s, -r?)

The solution of (2A-52) with the boundary conditions (2A-53)-(2A-55) is (for
details about the solving procedure see Appendix 2A-2):

e ]
¢1(r,x):[C0~e " +C e r(’]-JO(/i-r) (2A-57)
where
s=—1 _pn > (2A-58)
Egi® VT
and
1
Co :F'[Sl Vs +Vy )= (S, +1)-7,] (2A-59)
1

where §;, and S, can be considered scaling factors depending on the device
dimensions. V4, and V3 being the biasing effects due to drain and gate-source

potentials their values listed below:

s, = 1A (2A-61)
A
L
1=
S, =1 (2A-62)

2 sinh(/l L]
o

V,=J, (ij : {ﬂ + VT} (2A-63)
2) ] 2
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AL
Vie|L1=e ® [+,
V, = (2A-64)
2 sinh[/l LJ
T
And
2 2
AL .{H(Cr) } (2A-65)
2 A2
c, = fols (2A-66)
I " &g
PRI (2A-67)
Jo(2)

. 1s the surface potential of long-channel devices (1D surface potential, obtained

from (2A-56) using r=ry), t», and t; are device radius, and the modified oxide
thickness given by[25][67]. Jy, and J; are the zeros of Bessel function type zero,
and one respectively. The constant B,, in Eq.(2A-56) can be calculated from the
boundary condition of Eq.(2A-48). The total potential is calculated by using the
expressions of (2A-56) and (2A-57) in (2A-44).

A good agreement has been found between the model we have introduced and the
classical 3D numerical simulation results for both low, and high drain-source

voltage values as shown in Fig.2A-6 (for Vgs=0.1V).
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Surface Potential, V

¥ [nm]

Fig. 2A-6. The surface potential distribution along the channel, for silicon radius is 5nm, and L is
20nm.

2A-7 Virtual Cathode: Value and position

The virtual cathode, or the minimum potential can be calculated from the total

potential as:
Boin (1) = B (1) + (x| (2A-68)
¢ (x,r)| . is the minimum potential along the longitudinal direction, and can be

calculated from

¢] (X, I")|
Where

= ¢1 (xmin > 7‘) (2A-69)

min
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Sl (2A-70)

ax Fmin
Using Eq.(2A-70) in Eq.(2A-44) we obtain the following expression of X,
i i
SV, l—e " |+V, |—|1=-e " |V,
v =L Ny (2A-71)
min 2 2.} A i ra
S|V, |1-e * |-V, e ®|-|l-e |V,

where the second term of Eq. (2A-71) is the modified term due to drain-source
voltage (see Fig. 2A-7).

At zero drain-source voltage
X . =— (2A-72)

However, at high drain-source voltage value the virtual cathode becomes closer

to source end.

Virual Cathode Position [nm]

12 1 1 1 1
a 0.z 0.4 0.6 0s 1

Vg, [¥1

Fig.2A-7 Virtual cathode position vs. Drain-Source Voltage. The channel length is 40nm.
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2A-8 Inversion charge and Threshold voltage

Use the same definition for the inversion charge that introduced before in Eq.
(2A-29), or

r

O = 2]0 niﬂxmm”J/VT dr (2A-73)
0

The integral in (2A-73) can be approximated by its value at 0.57[21][46]. After

some mathematical manipulations, one obtains:

1 0
Ve = s g {VT 1“[ T ]_SdsJ (2A-74)
g8

an. A

Orp s the value at which the mobile charge density will reach its threshold value,
and found numerically to be ~ 10"cm™.

In Eq.(2A-74):

J 4 v, -{sinh[[L — X, ]EJ + sinh(xmin iﬂ +V, -sinh(xmin /IJ
_ 2, o o )] (2A-75)

Sd = e
A N2
sinh(Lij
Ty
A\ A L2
Jo() A L2 sinh| x;, — |-sinh 2
Xmin " P ¥ 14
VAN P U T 0 0 (2A-76)
2-N? A
sinh(Lj
o

Fig.2A-8 shows threshold voltage for different drain- source voltage values. As
the radius increases the threshold voltage tends to be independent of it at low V.
However, due to the DIBL we observe a decrease of the threshold voltage at
higher values of radius when ¥V is higher enough.

In devices where the channel is long with respect to the channel radius, S, and

gs?
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S, are close to zero. Therefore, the long channel threshold voltage can be
written as:
Orn
VTH:¢mS+{VT1"[2n_,r D
re (2A-77)

Eq. (2A-33) will go to Eq. (2A-77) as o goes to 0.75
Fig.2A-9 shows that the short-channel threshold voltage model in Eq. (2A-74),

will tend to the expression of Eq. (2A-77) for long channel devices.

Eq.(2A-74), and Eq.(2A-77) are the threshold voltage models for both short, and
long channel devices. The threshold voltage roll-off is obtained as the difference
between the threshold voltage at a given length, and the long-channel threshold
voltage Eq.(2A-77)

(2A-78)

Therefore, we have obtained a complete scalable threshold voltage model for
GAA MOSFETs. The threshold voltage roll-off at low drain-source voltage value
(10mV), i.e. Eq.(2A-78), is shown in fig. 2A-10. Good agreement is observed for

channel lengths down to 30nm.
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Fig. 2A-8 Threshold voltage vs. channel radius, for different drain-source voltage value. The
channel length is 60nm.
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Fig. 2A-9 Threshold voltage calculated using the long-channel model (2A-77) and the general
model (2A-74). V4=10mV
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Fig. 2A-10 Threshold Voltage Roll-off vs. channel length for different channel radius, tox=1.5nm,
V@ZIOH“L

The DIBL, is obtained from the difference between the threshold voltage at high
drain-source voltage value (e.g., 1V) and the threshold voltage value at low drain-

source voltage (0.1V), using (2A-74) (see Fig. 2A-11). The threshold voltage

value at low drain-source voltage is:

1 Q%Y{
VTH0:¢ms+1_S '{VTl{zn.,rj_Sdso]
gso i (2A-79)

where
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> [ 2
. (LA
Jo A sinh| —— LA
2 21y 2
as0 = SN2 11+2 l e
sinh[L ]
’
L 0 (2A-80)
{y[422)
2 2
Sdso =2 N2 ’ J] ’ Vbi
sinh(L J
14
L 0 (2A-81)
Finally, the DIBL is obtained as:
DIBL= VTI QTH 1 _ 1 _ Sdso _ Sds
2n.-r, | 1-S 1-S 1-S 1-S
i gso gs 250 250 (2A-82)
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Fig. 2A-11 Drain Induced Barrier Lowering coefficient vs. channel length, for different channel
radius, tox=2nm.
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2A-9 Subthreshold Swing model

To find an expression for the subthreshold swing, we apply the definition in Eq.

(2A-38), or

-1

jnm ) Zﬁmm dr
_ Vs _| > @ Vy In(10) (2A-83)
ologlp Ty
.[ n,, (r)dr
r=0
Where n,,(r) is denoted as:
ny (r)=n, et r (2A-84)

The integral in (2A-83) can be approximated by its value at 0.5ry. After some

mathematical manipulations, one obtain:

Swing = 1 V; -In(10)

gs

(2A-85)

Therefore, a closed form expression for the subthreshold swing is obtained (2A-
85). In Figs. 2A-12 and 2A-13 a good agreement is observed between our model
(2A-85) and 3-D simulation results for different channel lengths, at low and high

drain-source voltage, respectively.
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Subthreshold Swing [mV/Dec.]

Fig. 2A-12 Subthreshold swing for Gate All Around MOSFET with ¢,,=2nm, V ,=10mV.
Diamond, and Circle points:3-D numerical simulation results (DESSIS-ISE); lines: analytical
model.
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Fig. 2A-13 Subthreshold swing for Gate All Around MOSFET with ¢,,=2nm, V =1V. Diamond,

and Circle points:3-D numerical simulation results (DESSIS-ISE); lines: analytical model.
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(2-B) Short Channel Effects (SCEs) In Undoped Double
Gate MOSFET

In this section

We have developed analytical, physically-based, models for the threshold voltage (including the
DIBL effect) and the subthreshold swing of undoped symmetrical Double Gate (DG) MOSFETSs
[82-83].

2B-1 Introduction

THE double gate architecture is one of the MOSFET structures with the
highest potential for the scaling to dimensions below 45 nm [66][25],[93]
according to the requirements of the Silicon Roadmap in 2016 [79] and beyond.
The downscaling of device dimensions improves the IC performance in digital
and RF applications as well as the cost. However, the two-dimensional
electrostatic effects become relevant as the channel is aggressively scaled down,
and may limit the performance of scaled down MOSFETs, including, of course,
DG MOSFETs. When the channel length shrinks down, the electrostatic
controllability of the gate over the channel decreases due to the increased charge
sharing from source/drain [59].

The main short channel effects, are the threshold voltage roll-off (due to
charge sharing), the degradation of the subthreshold swing, and the DIBL (drain
induced barrier lowering) effect. As a result, the off-state current increases and
the on-off current ratio is degraded, and, therefore, the device performance is
worsened.

Compact and accurate models of the threshold voltage, DIBL and the
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subthreshold swing for DG MOSFETs are needed in order to facilitate and extend
the use of these devices in integrated circuits. However, fully 2-D analytical
threshold voltage and subthreshold swing models for DG MOSFETs, and in
particular for undoped devices, are still missing. Chen et. al.[46] developed a 2-D
model for the threshold voltage roll-off of DG undoped devices, but that model
did not include DIBL effects. Kranti ef a/ [60], Chen ef al. in [46], and Suzuki, et
al., [94-95] presented models that accounted for the DIBL effect, but the devices
considered were doped and the effect of the mobile charge density was neglected.
It has to be remarked that undoped DG MOSFETSs show better performances than
doped ones, because of their higher mobility. In undoped devices, the effect of the
mobile charge density cannot be neglected in the near-threshold regime. It was
shown by Francis et al. [96], that even in doped DG MOSFETs, in order to apply
standard methods of threshold voltage extraction, volume inversion should be
considered when deriving a suitable expression of the threshold voltage.
therefore, there is a pressing need to develop an analytical threshold voltage
model based on a solution of the 2-D Poisson’s equation which includes the
carrier concentration term.

The model by Munteanu et al. [97] addresses the DIBL effect in a DG MOSFET,
but requires iterations to obtain the expression of the electrostatic potential, from
which a threshold voltage equation can be derived; on the other hand, this model
is only valid for very thin Si films, since it assumes a longitudinal field who does
not change along the depth of the film. Besides, it is also based on using an
expression of the quasi-Fermi potential below threshold which was derived only
for bulk MOSFETs, but which is adapted to DG SOI MOSFETs using fitting
parameters, the geometry dependence of them are not clear.

Liang and Taur [45] presented a 2-D analytical solution for the short-channel



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN:

978-84-690-8295-9 / D.L: T. 1514-2007

60

SCEs in undoped multiple gate MOS

effects in undoped DG MOSFET; the mobile charge was neglected to solve the 2-
D Poisson’s equation. This approximation is valid well below threshold ( the
regime in which the model of [45] the threshold voltage roll-off, DIBL and
subthreshold slope are calculated], but near threshold the mobile charge has an
effect on the electrostatic potential.

In this section, we present 2-D models for the threshold voltage (including the
DIBL effect), and subthreshold swing of a symmetric undoped DG MOSFET
including the effect of the mobile charge density. The dependences of channel
length, thickness and drain-source voltage are accounted for.

We have used an appropriate definition of the threshold voltage for these
devices. In bulk MOSFET, it is usually defined as the gate voltage at which the
surface potential is equal to two times the Fermi potential [98]. Nevertheless, this
definition is not adequate for DG MOSFETs (in particular for undoped devices),
where the inversion and the accumulation take place in the whole film. The
threshold voltage can be instead defined as the gate voltage at which the minimum
sheet density of carriers, Qiny, reaches a value Qry that can be identified as the
onset of the turn-on condition [46][65].

We observed a very good agreement with 3-D numerical simulations of the
threshold voltage and the subthreshold swing for different values of channel

lengths and thickness and from low to high drain-source voltage values.

2B-2 Potential Model Derivation

Fig. 2B-1 shows the cross section of the symmetrical DG-MOSFET considered in
this work. We have assumed a DG-MOSFET with Si-Si0O, interface parallel to
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(100) plane. The channel is undoped (=10'°cm™), the n* source and drain are

highly doped.

. Source Irain - "".(I\'
I M. x .
s f o IZEI "
- - —ad
= =0 =10, x=1L4
Lo
Cate
.\

Fig. 2B-1 Symmetrical DG-MOSFET considered in this work, a) 3-D device structure, and b)
Cross section.

The channel electrostatics is governed by the Poisson equation. If the device is

undoped:

V29, y) =L (2B-1)

where ¢ is the electrostatic potential referenced to the Fermi level in the source

[25][66], the electron density is given as

n=n,e 99

(2B-2)

where n; is intrinsic electron density in silicon, Vr is the thermal voltage, and ¢,
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is the non-equilibrium quasi-Fermi level referenced to the Fermi level in the

source, satisfying the following boundary conditions (see Fig. 2B-2):

¢F (07 y) =0 (2B'3)
¢ (L,y) =V, (2B-4)

=2

=

.

E

&

=

=

ford

Fig. 2B-2 Quasi Fermi Potential for DG MOSFET.[46] at V=1V, mid-gap work function.

Vs being the drain voltage. The boundary conditions for ¢ are given as:

04(x, ) 0B-5)

Cox (VGS - ¢ms - ¢(x’y = tO )) = gSi ay

Y=t

$(0.y) =V, (2B-6)
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P(L,y) =V, +V, (2B-7)
where Vs is the gate voltage, dns is the gate work function referenced to intrinsic
silicon, Vy; is the built-in voltage given as (~0.6V), and t¢ is half the Si thickness
to=tsi/2
Assuming drift-diffusion transport, the drain current can be written as:
dy
d

Ip = qw'n(x,y)'_x =g gyl L.

d (2B-8)

or

Vag
J‘e*%'/Vr d¢F

Ty —
Ip=qmipy (2B-9)
J‘ RSN

0
where p is the electron low field mobility. In the subthreshold regime the quasi-

Fermi potential retains its value at the source end in most of the channel [46]; in

fact, this region with a constant value of #r is the only region which significantly
contributes to the integral in the denominator on the right-hand side of (2B-9)
[68]. Therefore, for practical purposes, in the 2-D Poisson’s equation (2B-1) we
can use the expression of the electron density with @¢r=0 (value of quasi-Fermi

potential at the source, see Fig. 2B-2)

o(x, )/ Vy

n=me (2B-10)
In order to find an analytical solution, we apply the superposition principle, and
we write the potential ¢ (X,y) as the sum of two terms: @;p(y), which is the
solution of the 1-D Poisson’s equation in the direction perpendicular to the
channel , and ¢@p(x,y) which is the solution of the residual 2-D differential

equation:
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P(x, ) =dp (V) + 0 (x, 1) (2B-11)

Therefore, ¢,(y)is the solution of:

Vi, (») = gin (2B-12)
where
n= nie¢lD(y)/VT (2B-13)

The boundary conditions of ¢,(y) are:

9

=0 (2B-14)
Y |
And
& 0
= [VGS - ¢ms - ¢1D (y = Zto)] = _gsi : & (2B-15)
Lo V|,
where
t
ty = % (2B-16)

@,,(x,y)is the solution of the residual 2-D Poisson’s Equation:

V2¢(x, y) — in[€¢lb(y)/VT [e¢21)(X»J’)/VT _ 1] (2B-18)

Assuming @,p/V7 1s small Eq.2B-18 can be reduced to be a Laplace equation’s.
This is a reasonable approximation in well behaved devices, with not too strong
short-channel effects. This is equivalent to use the superposition of a 1D solution
of the Poisson’s equation assuming a 1D distribution of the mobile charge, and a

2D solution of Laplace’s equation. Therefore, ¢,,(x,»)can be considered the

solution of:
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0 o2

a_¢2D(xay)+_2¢zD(an’):O (2B-19)

o oy
Using (2B-11), the boundary conditions of ¢,,(x, y) can be written as:
650, ) =V, =015 (¥) (2B-20)
Prp(L,y) = Vis + Vi ~$p(») (2B-21)
And
gﬂ'[o_%[)(xay :to)]:gsi 'M (2B-22)
Lo )
The solution for the 1-D potential term ¢,(y) is given by [66]:
lg 2
dp (V) =V -ln{ﬁsecz(lfn -y)} (2B-23)

The solution of (2B-19) with the boundary conditions (2B-20)-(2B-22) is (for
details about the procedure to obtain it see Appendix 2B):

Prad iy

¢2D(an’)=[CO'€ "G e ’0}-003(/% ) (2B-24)
Where

s=—2 p 4> (2B-25)

gﬂ .p}
And
A
Co=S,|Vps+Vy | 1= " ||-S, o, (2B-26)

el i
G =5 Vbl‘{l_e ZOJ_Vds'e " _S2'¢so (2B-27)
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S;, and S, depend on the device dimensions, and given by
S, - 4-sin(1) (2B-28)

A
[2~/1+sin(2~l)]-{l—e ZL'O}

S, = (2B-29)

C = Eolo (2B-30)

2-Atan(2)=C (2B-31)

r

d, 1s the surface potential of long-channel devices (1D surface potential, obtained

from (2B-23) using y=ty). The constant B,, in Eq.(2B-23) can be calculated from
the boundary condition listed in Eq. (2B-15). The total potential is calculated by
using (2B-23) and (2B-24) in Eq. (2B-11).

A good agreement has been obtained between the model we have introduced and
the 2D numerical simulation results for low, and high drain-source voltage values,
as shown in Fig. 2B-3 (for Vgs=1V). For a long channel device, the device
electrostatic potential follows the 1D potential component as shown in Fig. 2B-3a,
whereas as we scaled down the device length, the electrostatic potential follows
the 2D potential distributions as shown in (Fig. 2B-3b).

The quantum effects, which become relevant for Si film thickness smaller than 10
nm, have not been considered in this work. They originate a reduction of the
channel charge density and an increase of the threshold voltage [69]. Anyway, the
quantum correction to the threshold voltage is much smaller in lightly doped

devices than in highly doped ones [70]. On the other hand, the small reduction of
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the subthreshold swing [71] caused by the quantum confinement in thin Si films

becomes negligible in extremenly thin Si films [71].

2 T T T T T T T T T
1.8} Potential for long channel devices, L=200nm
16F
141
% (a)
T 1.2r 2D-Component only
g
=]
o
:
5
3]
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Channel length [nm]
2 T T T T T T T T T
1al Potential for short channel devices, L=50nm
16}
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E Total 2D Potential
=
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Fig. 2B-3. The center potential distribution along the channel, for a) L=200nm, b)L=50nm, and
Vds=1V, mid-gap work function have assumed, V ,=1V.
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2B-3 Virtual Cathode: Value and position

The minimum potential can be calculated (as defined in Eq. (2A-68)) from the

total potential as:

Proin (5 ) = P15 (V) + 0,5 (X, ¥)

. (2B-32)

&, (x, y)| _is the minimum potential along the longitudinal direction, and can be

obtained from,

Pp (X, 1) min Do (Xin> ) (2B-33)

Where

0, )| _ (2B-34)
ox |,

min

We obtained the following expression of X,

i yl
—Lj— COS(:ZJ —Li
{I/bi‘(l_e tOJ—i_de]_ﬂ" . [l_e toj'¢so
Lot sin(2) (2B-35)
i i COS(;) e
V. |1—e " |-V, e " |-4- l—e |
l: bi ( e J ds e :l Sll’l(/l) [ e ] ¢so

We can see from Eq.2B-35, that at zero drain-source voltage x_. =0.5L. At high

drain-source voltage value the virtual cathode becomes closer to source end.

By substituting Eq. (2B-35) into the total potential equation (2B-32), we obtain
the virtual cathode value at different Si thickness as shown in Fig. (2B-4), for long
channel devices (Fig. 2B-4a), and for short channel devices (Fig. 2B-4b).



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007

69

SCEs in undoped multiple gate MOS
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Fig. 2B-4. The minimum potential value, for a) L=200nm, and b)L=50nm

2B-4 Inversion charge and Threshold voltage

The carrier charge sheet density Qi, at the potential minimum is obtained by

integrating its spatial density throughout the entire film thickness:

)
Ojpy =2 [mefbiwn? VT gy (2B-36)
0
The integral in (2B-36) can be approximated by considering the integrand fixed at
its value at 0.5¢y.( See Appendix 2B), since, as shown by Chen et al. [46], that is
the location of the effective conductive path (validated with numerical

simulations). After some mathematical manipulations, we obtain:

1 Ory
Vit = s+ 75— {VTln[zn"t ]—SdsJ (2B-37)
gas i o
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Ory 1s the value at which the inversion charge a threshold value, and found

numerically to be ~ 3. 10"%cm™ [46]. In Eq. (2B-37),

,Li
S, =2-S, ~cos[£j~e ©|V, -sinh| x_; 4 +2-¥,, -sinh LAY cosh [xmi“ —£}i (2B-38)
: 2 : f, 21, 211,

And,

LA
S =2-8, ~cos[ij-e 240 -costhmin —£ji} (2B-39)
2 2)t,
In devices where the channel is long with respect to the channel thickness, S, is

close to zero. Therefore, the long channel threshold voltage can be written as:

o
VTH = ¢ms+{VTl'{2n77j J_Sds]
L (2B-40)

The threshold voltage derived in Eq. 2B-37, tends to the theoretical long channel

value (2B-40) as the channel length increases. For long enough channels, S, tends
to zero and the threshold voltage expression reduces to the one reported by Chen

et. al., [46],

Ory
VTH = ¢ms +VT1“[21/1 P ]
ilo (2B-41)

Eq.(2B-41), and Eq.(2B-37) constitute the threshold voltage compact models for
both short, and long channel devices. The DG-MOSFET threshold voltage roll-off

can be written as the difference between the values of threshold voltage calculated

using Eq. 2B-41 and Eq. 2B-37,

th{ 1
AV, =Vl - -
Y ="r “[2;11..;0}{ l—SgJ Sds B2

The threshold voltage roll-off shows a good agreement with the numerical results
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published by Frank, et. al., [85], which include the DIBL effect, shown in

Fig.(2B-5b).
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Fig. 2B-5 Threshold Voltage Roll-off vs. channel length, for different channel thickness. a)V4=
20mV, b) V4=1V.
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The decrease of the threshold voltage with Vg is due to the DIBL effect. The
DIBL has to be determined from the difference between the threshold voltage at
high drain-source voltage value (e.g., 1V) and the threshold voltage value at low
drain-source voltage (0.1V), using (2B-37) .

The threshold voltage value at low drain-source voltage is, from (2B-37):

1 QTH
VTH0:¢mS+1_S .[VTI“[ZH.,[ J_Sdso]
gso L (2B-43)

where

. (L /IJ
1 | sinh| ——
1+cos(4) s . 21

Sy =t e
0 1+sin(2-2)/2-2
+sm( ) sinh LfJ
’ (2B-44)
and
(L2
cos 4 /A Slnh[J
2 21
St = Sin-A) 24 PN
sinh(LtJ
0 (2B-45)

The DIBL coefficient can therefore be written as:
Orm |1 1 S s
DIBL=<V1 — _ dso ds ///V - v
T “[Znt) 1-S 1-S 1-S 1-S [ ds,high ds,law]
T gso gs gso gso (2B-46)

As shown in Fig. (2B-6), very good agreement has been obtained with 2-D

numerical simulations using DESSIS-ISE for channel lengths down to 30 nm.
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73
This confirms that the approximations done do not significantly hamper the
accuracy of the model.
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Fig. 2B-6 Drain Induced Barrier Lowering coefficient vs. channel length, for different channel
thickness.

2B-5 Subthreshold Swing model

To find an expression for the subthreshold swing, following [72] we assume that

the subthreshold drain current, Ip, is proportional to the total amount of the free
electrons diffusing over the virtual cathode (see Fig.2B-7):

t{)
I, a I ne Wm0V g,
0

(2B-47)
The subthreshold swing, S, can be expressed as:
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-
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Fig. 2B-7 Virtual cathode position vs. channel length, for different Drain-source, and Gate-source
potential .

The integral in (2B-48) can be approximated (See Appendix 2B) by considering
the integrand fixed at its value at (.57, ; that is the location of the effective
conduction path. It was demonstrated that good agreement with numerical
simulation results is only possible taking the integrand at the location of the
effective conduction path. Taking it at the middle of the film leads to significant
differences with numerical simulations (clearly observed in [72]). After some

mathematical manipulations, we obtain:

Swing = " V; -In(10)

gs
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(2B-50)

Therefore, a closed form for the subthreshold swing has been introduced in

Eq.(2B-50). A good agreement is observed in Fig.2B-8 with the 2-D simulation
results for different channel lengths (at V4=10 mV).
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Fig.2B-8 Subthreshold swing for DG MOSFET with t,,=2nm. V4=10 mV.
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(2-C) A 3-D Analytical Physically-Based Models for Short
Channel Effects in Undoped FinFETS

In this section

An analytical, physically-based analysis for undoped FIinFET devices in the
subthreshold and near threshold regimes has been developed by solving the 3-D Poisson
equation, in which the mobile charge term was included. From this analysis, a subthreshold
swing model has been developed; this model is also based on a new physically-based analysis of
the conduction path. The subthreshold swing model has been verified by comparison with 3-D
numerical simulations and measured values; a very good agreement with both 3-D numerical
simulation and the experimental results was observed. Also, we have developed analytical
models, for threshold voltage, threshold voltage-roll off, and DIBL effects. We have observed
from the analysis that the FinFET height has a smaller effect than the FinFET width on the
threshold voltage calculations. The threshold voltage calculations are based on extracting a
threshold charge from the numerical simulation results of the long channel devices. The models
of threshold voltage, Roll-off, DIBL effects have been verified by comparison with 3-D
numerical simulations(DESSIS-ISE); a very good agreement with both 3-D numerical
simulation has been obtained[99-101].

2C-1 Introduction

As discussed before the double-gate metal-oxide-semiconductor field-effect
transistor (DG MOSFET) structure minimizes short channel effects in order to
allow a more aggressive device downscaling [102]. Numerical simulations have
shown that it can be scalable down to 10-nm gate length [103-104]. However,

process complexity can pose a serious technological barrier to the development of
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double-gate devices. In 1998, Hisamoto et al. introduced the FinFET ,
demonstrating a not very complex process that yielded n-channel devices with
promising performance and scalability [105]. The FinFET uses a single poly-Si
layer deposited over a silicon fin patterned to form perfectly aligned gates
straddling the fin structure for optimal performance. P-channel FinFETs were
subsequently demonstrated using a similar fabrication process and showed
excellent and characteristics [106]. Undoped devices are particularly interesting,
since they offer higher mobility (because of the decrease of the body scattering
effects).

So far very little work has been done on the analytical modeling of
FinFET devices, although there have been some works studying the FinFET
performance through numerical simulation [107], or studying the device physics
from experimental data [108-120]. The reason why so far there is so little work on
analytical modeling has probably something to do with the fact that, as the devices
dimensions are scaled down, the 3-D electrostatics becomes significant and
compact model development becomes a difficult problem to solve.

G. Pei, et. al., [49], presented 3-D subthreshold swing and threshold
voltage roll-off models, but they are only valid for doped FinFET devices, i.e.
neglecting the mobile charge term (and therefore neglecting volume inversion).
However, in undoped devices the mobile charge will affect the electrostatic
performance, at least in the near threshold regime. In this work, we introduce an
analytical analysis of the 3-D electrostatics for undoped FinFET in the
subthreshold and near threshold regimes, and consequently we develop a
subthreshold swing model, threshold voltage model, threshold voltage roll-off,
and DIBL effects, which have been validated by comparison with both 3-D

numerical simulations, and experimental measurements. The devices, fabricated
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by the IMEC research group (Leuven, Belgium), have been characterized in the
Microelectronics Laboratory, Université catholique de Louvain, Belgium. The fin

height is 60nm, with different channel lengths, and different fin widths.

2C-2 Potential Model Derivation

Fig. 2C-1 shows the FinFET structure considered in this work. The channel is
practically undoped (210">cm™), the n™ source and drain are highly doped, buried
oxide thickness thickness of 150nm, oxide thickness 1.5nm, mid-gap work
function, and all measurements and calculations have been done at room

temperature.

C51 v
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‘ 1
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Fig. 2C-1. FinFET Cross section for this work, and also that used in simulator, a) xz- device
structure, and b) yz. device structure
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As the channel length becomes comparable with the fin height and fin width, the
channel electrostatics for the device is governed by the 3-D Poisson’s equation,

with only the mobile charge term included:

2 2 2
0 ¢gx,2y,z) 2 ¢g}’2y’ 2,98 ¢éx’2y’ ?) =gin(x, »,2) (2-C1)
X 4 si

The electron density is given as

n(x, y,z) =n, Ly gV, (2-C2)
where »; is intrinsic electron density in silicon, V7 is the thermal voltage, and ¢,

is the non-equilibrium quasi- Fermi level referenced to the Fermi level in the

source, satisfying the following boundary conditions:

$r(0)=0 (2C-3)

Or(L)=Vys, (2C-4)

V4 being the drain-source voltage. Before listing the boundary condition, we need
to mention that the model we shall introduce can be applied for: DG MOSFET (if
we consider the fin height is very long), Square Gate All Around MOSFET (if we
have take into account the bottom gate potential, Vgs; see Fig. 2C-1), and finally
FinFET (if we ground the bottom gate, and use the same oxide thickness for both

the right-left and top gates).

The boundary conditions for ¢ based on the whole alternative device, are given

as:
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1) Boundary condition of right gate
a b b
Coxo '[VGSI s _¢(x’y:t0az)]:_55iw (2C_5)
Y Y=l
2) Boundary condition of left gate
a b b
Coxo [VGSI = Pms —P(x, ¥y =1, Z)] = gSiw (2C_6)
Y Y=l
3) Boundary condition of top gate
a 9 b
Coxt Vast = bms =905 3,2 = hy)]= *&'% (2C-7)
z=hy
4) Boundary condition of bottom gate
a b b
Cox2 [VGSZ = Pus — (X, ¥,z = _ho)] = ‘E‘Si% (2C'8)
z=—h

Notice that we have considered that Vg is the potential applied on both left/right
and top gate. Also, we have considered that the bottom gate biasing (it will be the
buried oxide for FinFET as example) is not the same potential as the top gate,
Vgsi. From the last boundary condition (2C-8) we can say that the device can be
identified as a FInFET with and without a back gate biasing, as Square Gate All
Around by setting Vgs; and Vgs; at the same value (if the oxide thickness has the
same value everywhere), and finally as a DG MOSFET by removing the top and
bottom gate (this can done if considered very high values for the top and bottom
gate the oxide thickness). The boundary condition at the source and drain and can
be written as,
At the source end

#0,y,2)=V,; (2C-9)
At the drain end,
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d(L,y,z)=V, +V, (2C-10)
We should mention here that we have assumed that the Source/Drain to channel
junction is abruptly doped, and we have neglected the corner effects.

In the above equations ¢ is the gate work function referred to intrinsic silicon,
and Vy,; is the built-in voltage given as (~0.6V, V. -In(Ng,/n,) ), where Equations
(2C-5 to 2C-8) arise from the continuity of the normal component of the
displacement vector across interface.

To solve the potential in Eq. (2C-1) using the last boundary conditions we have
considered that the potential will be the sum of three potential (the third
component included in 2D solution) components as,

#(x,y,2)=ap (y,2) + d3p (%, y, 2) (2C-11)
Where ¢2p(y,z) is the 2D potential and is related to 1D potential as,
$rp(1:2) = hp (M) +a, (1) 2+, (y)-2° (2C-12)

with boundary conditions,

0
Coxl '[VGSI _¢ms _¢2D(y7 z= ho)]: _5Si% (2C-13)
z=hy
0 ,Z
Con ’ [VGSZ - ¢ms - ¢2D (y7 zZ= _ho )] = gSiM (2C-14)
z=—hy

Assuming drift-diffusion transport, the drain current can be written as:

Vds
J'e*% Vr d¢,

_ 0
ly=q-n p——"—" (2C-14")
J‘ e PV
0

In the subthreshold regime the quasi-Fermi potential retains its value at the source

end in most of the channel [46]; in fact, this region with a constant value of ?r is
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the only region which significantly contributes to the integral in the denominator
on the right-hand side of (2C-14’) [68]. Therefore, for practical purposes, in the
3-D Poisson’s equation (2C-1) we can use the expression of the electron density

with ¢r =0 (value of the quasi-Fermi potential at the source).
#ip(y) is the solution of,

0’1, (») _ 4, g
: .

oy g, (2C-15)

with the following boundary conditions,

Opip ()

~0 (2C-16)
oy

y=0
And (symmetric boundary condition),

9|
oy

Coxo* [VGSI ~Pus —hp(y = to)] ==& ¢
v, 2C-17)

We found that (see appendix 2B),

B2
$p(¥)=Vr ~lnlﬁ secz(Bn J’)]

(2C-18)
B,, 6 a,, and a; are indicated in Appendix 2C.
¢, (x,,z) s the solution of the residual 3-D Poisson’s Equation:
V2¢3D (x’ ¥, Z) — in[evﬁw(x,y)/’/r [evﬁsp(x,y,Z)/Vr _ 1] (2c_19)
£

Assuming @s;p/V7 1s small Eq.2C-19 can be reduced to be a Laplace equation’s.
This is a reasonable approximation in well behaved devices, with not too strong
short-channel effects. This is equivalent to use the superposition of a 2D solution

of the Poisson’s equation assuming a 2D distribution of the mobile charge, and a
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3D solution of Laplace’s equation. Therefore, ¢,,(x,y,z)can be considered the

solution of:

52¢3D(xa%2) 62¢3D(xaya2) 82¢3D(xayaz)_
+ + =

0
ox? y? oz? (2C-20)
with boundary conditions,
a b 9
Cont [0-30 (5,7 = )] = =5, “L D)
7=ho (2C-21)
0¢sp (x,¥,2)
Coor- [O = ¢y (X, ¥,2=—h, )] = gSi@%
2 = (2C-22)
Coxo : [O - ¢3D ()C, y=i,, Z)] ==& W
Yoo b (2C-227)
#5(0.y, Z)|Source—end =Voi=p(1,2) (2C'23)
B30 (L2 pyirana = Vs Vi =20 (3:2) (2C-24)

After solving the potential for the last components (See Appendix 2C), we
obtained that

N=0 1 1 0

bp (%, v, 2) =cos(A, - y)- {ii}? cos(Ay -2)- [V, - D, +V,, - D, ]_(ASI; cos(A,y -2)+ ASI; -sin(A., .z)j.Do } (2C-25)

b Sinh(Z, -x)—sinh[A_ - (x—L)]

’ sinh(1, - L) (2C-26)
p, = Sinh(4, -x) (2C-27)
' sinh(4, - L)

Where AP, AR,, AR;, S,, and S; are scaling factors, and their values have been
indicated in Appendix 2C. 1,, 1., and A, are the eigen values (see Appendix
2C), where,

Ay =y A0+ A0 (2C-28)
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We need to mention here that we have used the lowest eigen value, for both A4 ,
and A.. 4., and A.; (that appeared in the summation of Eq. (2C-25)) are due to top,
and bottom gate boundary conditions.

The total 3-D potential, is obtained by applying Eq. (2C-11) to the potential
components (sum of Eq. 2C-12 and 2C-25).

Fig. 2C-2 shows the potential along the device channel, due to Eq. 2C-25, at the
top gate and cut line at y=Wpgy /2 (i.e., at center of the top surface and along the
channel), for a drain-source voltage is 1V, and channel length is 50nm. The model

have been tested for different channel length in appendix 2C.

2 T T T T

£33 Total Potertisl
==t 30-Potentail componert

15F = = 2D-Potertail component -

Potertial [']

10 20 30 40 50 60
Channel length [rim]

Fig. 2C-2 3-D potential distribution along channel length , with t,,=t,x;=2nm, and buried oxide
thickness 200nm, and Vgg,;=0.2V, V55,=0V, and V=1V mid-gap work function
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2C-3 Subthreshold Swing Model

Considering the potential distribution all over the channel region, the location of
the minimum potential in the channel length direction, known as the “virtual
cathode,” is of great usefulness for the device modeling purpose. This location
corresponds to the maximum of an energy barrier, over which free electrons
diffuse from the source and then are swept into the drain forming the subthreshold
drain current.

By setting,

ooy (2C-29)
ox

where xmin 1s the location of the virtual cathode, the electrostatic potential at the
virtual cathode can found by replacing (x) in the potential equation by its

minimum value. where,

(2C-30)

L 1 In A"+ B'-tan(4, - z)
C'+D'-tan(A, - z)

As expected, the minimum position will not be dependent on the device width
(from the devices symmetry on y direction), but it is dependent on the height
position. We found that the effect of the position along the fin height on the
virtual cathode value, is very small. The main effects come from the drain-source
potential no matter the device dimensions (see Appendix 2C).

The subthreshold drain current, Ip, is proportional to the total amount of free

electrons diffusing over the virtual cathode, that is,
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‘, Buin (,2)
1, j In e V’ dzdy (2C-31)

y=—t, z=—h,

where Wgp, Hpyv are the device width and device height. ¢y is the difference
between the equilibrium Fermi level and non-equilibrium quasi-Fermi level (the
quasi-Fermi level referred to the Fermi level, ¢r, is assumed to be constant in the
channel depth and channel height direction where practically no current flow
occurs) caused by the current flow in the channel length direction, the

subthreshold swing can be expressed as,

b, ot 7!
2 J' I n ( ¢3D mm(y, )dde
514 -
= Yo _ TR Vos V, In(10)
Olog!, e
2. J. n, (y,z)dydz

L z==h, y=0 . (2C-32)
Where n,(y,z) is introduced to denote,

$sp_min (7:2)
n,(n)=n-e (2C-33)

By substituting the virtual cathode value into Eq. (2C-32), the solution of Eq. (2C-

32), can be expressed as,

-1

S=|1- ZKI cos(4, - y,)-cos(4, -z,)+ K, -cos(4, -y.)-sin(4, -z,)| -V, -In(10) (2C-34)

Azt
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Where K, and K, are scaling factors shown in Appendix 2C. y., and z. are the
conduction paths due to Left/Right Gate, and Top gate respectively.

The exact value for both y,, and z. can be calculated from,

[ h 7!

J2 I n, (y,z)-cos(4, - y)-cos(d, - z)dydz

z=—h, y=0

1—cos(4, -y, )-cos(d, -z,) =

h, t

Jﬁ .[nm (y,z)dydz

i =0 1 (2c35)
And,
b, T
J' J' 1 (7, 2)-08(A,, - ) -sin(4, - 2)dydz
COS(4, - ) sin(4, -z,) = |
J' J‘nm(y,z)dydz
I =0 . (2C-36)

For high doping (N¢.) values, the dopant induced field is significant, so that the
surface potential is much greater than the center potential and the overall
conduction is highly confined to surfaces [95]. Consequently, the effective
conducting path is found at surfaces subjected to immediate gate control, resulting
in an improved S. With decreasing Nc.values, a weakened dopant induced field
leads to a flatter shape of potential profile such that the effective conducting path
retreats from surfaces into depth, causing weakened gate control and a larger S.
Finally, the dopant induced field becomes negligible at low N4 values, and then
the potential profile is virtually determined by 3-D effects alone. Consequently,
the effective conducting path no longer shifts with N4, resulting in a constant S

value. In undoped (or lightly doped) FinFET devices, the electrostatic potential,
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being determined by 3-D effects, is greater at the channel center (y =0) [121] than
at the surfaces (y = ##, ), making the channel center more leaky than anywhere
else. However, the difference between the surface and center potentials is quite
small because of the 3-D nature of its formation and significantly less than that in
heavily doped cases. Due to this relatively even spreading of free electrons,
known as volume inversion [122], the overall conduction, y., is not confined to the
channel center and the effective conducting path should be somewhere in-between
surfaces and channel center. However the situation will be a quite different for z,
because of the asymmetric structure in vertical direction (z-direction), where due
the zero potential applied to the buried oxide, the electric field at the fin bottom-
surface, which will shift the conduction path to be closer to the top gate surface.
Moreover, the quantum effect will affect the conduction path location for both
doped and undoped devices; however, we consider here a device with sizes large

enough to neglect the quantum confinement.

Mathematically, the integration in y-direction of Eq. (2C-32) can be
approximated, due to the device symmetry in y-direction, by its value at y=t,/2;
however this cannot be done in z-direction due to the asymmetric device structure.
This means that the y. will be closer to y=t,/2 (i.e., Wr/4). At high drain-source
the virtual cathode position will go towards the source end, but this will not
prevent the effect of drain-source voltage on the virtual cathode value (i.e., DIBL
effect), (see Fig. 2C-1, and potential equation). The increase of drain-source
potential will raise the FinFET electric field at the back interface, and the
conduction path ‘z.> will shift up more towards the top gate surface. Its is
expected that both conduction paths will be strong functions of both device

dimensions ratios (i.e. Wrn/Hpry), and devices biasing (i.€., X,/0.5L).
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Fig. 2C-3 shows the SEM, and TEM images for a one of FInFET device, where its
wider as we going towards the top gate, which is more clearly in the schematic

diagram in right side of the same figure.

Wider at the top

< Gate

Tsi=dnm
Tox=1.5nm
HEjp=80nm

Fig. 2C-3 FinFET SEM , and TEM image used through this work.

A good agreement have been obtained in Fig. 2C-4(a) and (b), at low V
value, for y. approximately #,/2, and z. at approximately at 95% of fin height.
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Fig. 2C-4 Subthreshold swing at low drain-source voltage, a) vs. Fin width, and b) vs. Channel
length. Solid lines in (a) and (b), are for our model, the dashed circle are the numerical results, and
the stars, and triangular in (a) are the experimental results
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Fig. 2C-5 Subthreshold swing at high drain-source voltage, a) S vs. FIN width, and b) S vs.
Channel length. Solid lines in (a) and (b), are for our model, the dashed circle are the numerical
results, and the stars, and triangular in (a) are the experimental results
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At high V4 values, as we have mentioned before, the electric field will increase at
the back surface compared to the top gate surface, which will push the conduction
path toward the top surface. A good agreement has been obtained in Fig. 2C-5(a)
and (b), at high V value, for y. approximately Wgn/4 from the center along y-
axis, and z. at approximately at 0.99Hgy from the bottom interface.

The sub-figure shown in Fig. 2C-4(a), (device cross section), shows the actual
devices shape. The device width is wider at the top gate than at the center (by
AW ;). And since the conduction path, “z.”, at low Vy, value is far from the surface,
this effect will lead to a negligible value of the effective fin width. However, for
high drain-source voltages the conduction path, “z.” will be pushed up toward the
surface at which the fin width becomes wider than the last case (at which
AW >AW;), which will introduce a higher subthreshold current and consequently
a higher subthreshold swing value, as shown in Fig. 2C-5.a at Wiy =70nm. Fig .
2C-6(a), and (b) show the measured drain current at low and high drain-source
voltage for different channel width, at L=90nm.

A good agreement has been obtained for various FinFET widths (at Hg=60nm)
in Fig . 2C-4(b), and Fig . 2C-4(b) against channel length.

After fitting the model with both numerical simulations and experimental data, we
found that both y. and z. barely change from their original values (y.=t¢,/2, and
z.=h,). Therefore, the model gives acceptable results for all device dimensions, as
shown in Fig. 2C- 7. In Fig. 2C-7, we have fixed the conduction path value ” z.”,
at a value closer to the fin height, and we got a good agreement even if we
changed the fin height value, with a slight change of y. value from its original

value as shown in the figure. This change in y. comes from the effects of the
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electric field of the top gate on the right upper and left upper corners as we

increase and decrease the Fin height.
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Fig. 2C-6 Measured drain current in logarithmic-scale for a channel length of 90nm, at

a)Vds=20mV, and b)1V.
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Fig. 2C-7 Subthreshold swing versus Fin height, at channel length=60nm, and z. ~ Hgy. The lines

are our model, where the stars for experimental data at 60nm.
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Fig. 2C-8 Measured drain current in Logarithmic-scale, for Wg,=20, and 70nm for different drain-

source voltage, Hypny=60nm
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Fig. 2C-8 shows the measured drain current (logarithmic) at low and high drain
source voltages. At a high drain-voltage, not only the drain current increases for
Wen=70nm when compared to Wen=20nm, but also the slope increases, because
the conduction path at high drain-source voltage will be closer to the surface with
a wider width (at which AW,>AW)) than the equivalent conduction path at low

drain-source voltage value.

2C-4 Threshold Voltage Model

The virtual cathode is considered as a barrier for the electron current and its height
is fully controlled by the gate-source voltage at very long channel devices. As the
channel length scaled down and high V;, value, the electric field from the drain
affects on the virtual cathode value to produce the DIBL effect. The short channel
effects are strongly dependent the virtual cathode value.The inversion charge can

be calculated as,

t, h, Burin (7:7)
Qinv = 2 I Ini e " dZdy
(2C-37)

Omin(v,z), 1s the minimum potential value (virtual cathode), which can be

calculated by replacing x by x,,;, in potential equation, Eq. (2C-11), where

Xmin =5~ (2C'38)
2 A C+D-tan(4, - 2)

X

L 1 {A+B-tan(ﬂz-z)}
_.1n —_—
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AP |Vds +V); -(1 —e ML ) —(1—e"1x'L ) S
= AR, .(1—e7%"L)
l—e A L)s
e

C:%[Vh pa v .(1_eﬂx-L)w_ s, [1_ (et 1 ,

2sinh(A, - L) AR, 2sinh(A, - L)

AR, 2sinh(4, - L)

The last integral in the equation for Q;,,, (2C-37), can be solved by assuming that,
in every half of the fin, its main contribution takes place at a location equal to
Wriv/4; this is the location of the conduction path along the fin width (considering
one half of the fin in the y direction) if we consider the FInFET as a Double Gate
MOSFET in which the film thickness is equal to the fin width (since it was
demonstrated that in DG MOSFETs the conduction path is located at a position
equal to % of the thickness from the surface, in each half).

However, the device is asymmetric along z-axis (not only the structure but also
the biasing is not symmetrical) which will lead to an asymmetric carrier
distribution. But we can consider that the result of the integral in Eq. 2C-37, is
equal to the value of the integrand at the location of the conduction path over an
effective height equal to (a0 Hgy), where a (<1) is a correction factor which
depends on Hpy, and Wey and its value is extracted numerically. The inversion

charge can be written, in terms of a, as,

Pnin (}’c »Zc )
O =1 Wy '(a'HFIN)'e i (2C-39)

1
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Ve(AWrin/4), and z. are the conduction paths due to the Left/Right and Top/down
gates, respectively. As the inversion charge tends to its threshold value, we can

calculate the threshold voltage as,

/
v, =g [VT - h{ 0,/ j— 54 (2C-40)
I_Sgs n Wy - H oy

0, is threshold charge at certain pair of fin height and fin width. The numerical
simulation indicated that there are different threshold charge values based on fin
height and fin width and a negligible dependence on device length, contrary to
that happens to the threshold charge value for both DG MOSFET, and GAA
MOSFET where it was found that there is a unique threshold charge value for
both devices.

This indicates the importance of o in the threshold voltage model, which will
adapt the model to tend to be DG MOSFET behavior at very long fin height or to
be the square GAA MOSFET behavior for a symmetric devices structure. For all
device dimensions we can put,

Viy =@, + ! v, - ln[ Oy j— A\ (2C-41)
1_Sgs n,-Wey - H gy

A -
S, = Z%-cos(ﬂv -y,.)-cos(4, ~z(,)~(Vd5 ‘D, +V,, ~DU)+II;’cos[2vJ-cos(ﬂ: z,)-cos(4, - y,) (2C 42)

Az M 1

Where the first term in the last summation accounts for Vds effects on threshold
voltage, and second term accounts for the temperature effect. Ory is threshold
charge for the whole device dimensions.

For very long channel devices, both Sy, and Sy, are going to zero as shown in the

Fig. (2C-9).



UNIVERSITAT ROVIRA I VIRGILI

COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN: 978-84-690-8295-9 / D.L: T. 1514-2007

98

SCEs in undoped multiple gate MOS
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Fig. 2C-9 Threshold Voltage coefficients Sy, and S, calculations for long channel devices.

The threshold voltage for long channel devices can then be written as,

Vi =@, + V7 -ln( O ] (2C-43)

’h 'LP;WV '}{FWV
By comparing Eq.(2C-43) with the threshold voltage obtained numerically at a
very long channel device, we have obtained the O, values as shown in Fig.(2C-
10). There is a negligible threshold charge dependence on the Fin height, and Fin
width as shown Fig.(2C-10). The threshold charge value has found to be (1*10"

/m). Now, we can use this Oy, value for all the device dimensions.
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Fig. 2C- 10 Extracted threshold charge value from long threshold voltage model
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Fig. 2C- 11 long channel threshold voltage vs. a) W g, and b)Hjg,

Fig. 2C-10 shows the comparison between the threshold voltage calculated by
model given in Eq.(2C-43), and the numerical simulation results at different Fin
heights and different Fin widths.The variation of Oz value due to the Fin width is
higher than variations due to the fin height and consequently affects more the

threshold voltage (this because there are two lateral gates that control the
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electrostatic inside the film width). For short devices, the model is working well

for different Fin widths and for different heights as shown in Fig. 2C-12a, and b.

T
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Fig. 2C-12 Threshold voltage for short channel devices for different a) Fin widths, b) Fin heights
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The threshold voltage roll-off is an indication of the sensitivity of the short
channel effects. It can be calculated by substracting Eq. (2C-43) (threshold
voltage for long channel model) from the general model in Eq. (2C-41). A good
agreement have been obtained with that obtained numerically for different Wex,

and Hg, as shown in Fig. 2C- 13 a, and b.
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Fig. 2C- 13 Threshold voltage roll-off for different a) Fin widths, and b) Fin heights.
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Also, the threshold voltage model given in Eq. (2C-41), is valid for all drain-
source voltage values. Therefore the DIBL effect can be calculated in the same
manner as DG MOSFET, and GAA MOSFET: by substracting the threshold
voltage at high Vds value (e.g., 1V) from a low Vds value (e.g., 20mV). The
DIBL effects for different Fin widths are shown in Fig. 2C-14a, and the DIBL
effects for different different Fin height are shown in Fig. 2C- 14b.

From the last analysis using our 3-D model we conclude that the Fin height has
lower effect on the SCEs than the Fin width, and this is because the SCEs can be
improved by controlling the electrostatic potential inside the device, where the Fin
width has been surrounding by a two gates leads to a high controllability than the
fin height. From our analytical models we have proved that as we increase the
number of gates the SCEs also improve, and GAA MOSFET better than both DG
MOSFET, and FinFET.
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(2D) Scalability limits of Surrounding Gate MOSFETS
and Double Gate MOSFETSs

In this section

we shall introduce scalability limits comparison between the surrounding gate
MOSFET (GAA), and Double Gate MOSFET, the reasons for selecting both devices are to
demonstrate that multiple gate devices are better than devices with only one gate and a devices
with two gates [123-124].

A small subthreshold swing is required to provide an adequate value of the on-to-
off current ratio so that a DG/GAA MOSFET can effectively work as a switch. A
small value of the threshold voltage roll-off is an indication of acceptable SCEs.
The subthreshold swing of a long-channel fully depleted DG/GAA MOSFET has
an ideal value, i.e., ~60 mV/dec. To have an acceptable performance, the
subthreshold swing has to be close to the ideal value. In this example we have
selected an acceptable subthreshold swing value,70mV, and we will obtain the
dimensions of the devices that will satisfy this value and also a high drain current,
1.e. shorter device. Not only the channel length will be estimated but also the
DIBL value which can somehow account for the power supply needed, and the
oxide thickness that may be used.

The obtained dimensions for that equivalent subthreshold swing value (i.e.,
70mV) of GAA and DG MOSFETs devices are shown in Figs. 2D-(1-2). The
device dimensions have been summarized in Tables 2D-1, and 2D-2. The most
important conclusion is that the GAA MOSFET can satisfy the same subthreshold
swing value as DG MOSFET with a channel length 33% shorter than that given
by DG MOSFET with also a lower DIBL value.
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Channel Diameter, | Channel Length, | Oxide Thickness, DIBL,
[nm] [nm] [nm] [mV/V]
10 20 1.5 42
15 27 1.5 41.6
30 48 1.5 38
10 22.5 2 45
15 30 2 43.5
30 51 2 40
Table 2D-1 GAA MOSFET device characteristics for 70mv
Channel Channel Length, Oxide thickness, DIBL,
Thickness [nm] [nm] [nm] [mV/V]
10 30 1.5 51.1
15 39 1.5 51.75
30 65 1.5 50.8
10 34 2 52.45
15 43 2 52.25
30 70 2 51.45

Table 2D-2 DG MOSFET device characteristics for S=70mV

To obtain a 70mV subthreshold swing, for oxide thickness 1.5nm and low DIBL
value, we recommend to use a GAA MOSFET device with a channel length of

20nm, and channel diameter of 10nm which has better characteristics than that
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given by the DG MOSFET characteristics. However, for an oxide thickness below
1.5nm, a shorter device can be obtained but there are non-negligible value of gate
tunneling- current. Anyway, as mentioned by Rahman, et. al. [75] this oxide

thickness value (1.5nm) is suitable before the tunneling current is significant .
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CHAPTER THREE

Current Transport in Undoped Multiple Gate
MOS Devices

In this chapter

We present analytical and continuous DC models for cylindrical undoped surrounding-gate (SGT)
MOSFETs, and FinFETs in which the channel current is written as an explicit function of the
applied voltages [125]. The model is based on a new unified charge control model developed for
this device. The explicit model shows good agreement with the numerical exact solution obtained
from the new charge control model, which was previously validated by comparison with 3D
numerical simulations. We shall also, explain the ultimate models for DG MOSFET for calculating
the DC models.

A compact model, which includes scattering, for the silicon quantum well/wire MOSFET has been
introduced [126-127]. The model is based on the Landauer transmission theory and McKelvey's
flux theory, and is continuous from below to above threshold and from linear to saturation regions.
A good agreement with 2-D numerical simulations (nanoMOS) is obtained with our compact
model. The effect of backscattering on both the channel conductance and the average velocity near
the source end is studied in this work. For the undoped FinFET devices we have extracted the

backscattering coefficient experimentally.
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(3A) Explicit Continuous Model For Long Channel
Undoped Multiple Gate MOSFETS

3A-1 Introduction

In this section, we present explicit continuous DC model for the SGT
MOSFET, and FinFET devices. The new model is based on a unified charge
control model for a SGT MOSFET, which results from a reformulation of the
previous model [128]. The channel current is written in terms of the charge
densities at the source and drain ends. Examining, with the new charge control
model, the dependences of the channel charge density on the applied voltages in
each operating regime, we propose approximate explicit expressions of the
channel charge densities in terms of the applied bias, and valid and infinitely
continuous through all operating regimes. Therefore, the channel current becomes
an explicit function of the bias. Another very important advantage of the new
model is the absence of empirical fitting parameters. Therefore, all parameters
have a physical meaning.

We have demonstrated that our approximate explicit solution fits very well
the numerical exact solution of the charge control model in all operating regimes
for GAA MOSFET devices, we used the experimental results to verify our model
for the FInFET devices. The resulting explicit model of the channel current shows
also a very good agreement with the exact calculation (from the numerical
solution of the charge control model) of the channel current. Due to its infinite
order of continuity, the new model provides smooth transitions through all

operating regimes, which is very desirable in circuit simulation.
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3A-2 GAA Model and results

Assuming the gradual channel approximation (GCA), in an undoped (lightly-
doped) cylindrical n-type SGT-MOSFET (Fig. 3A-1) Poisson’s equation takes the

following form:

)
a’2¢ 1dg kTé'e i (3A-1)
dr2 rdr g

where 8=q’ni/kT&s;, being q the electronic charge, ¢(r) the electrostatic potential,
and V(=¢g) the electron quasi-Fermi potential. It has been assumed that the hole
density is negligible compared with the electron density. Equation (3A-1) must

satisfy the following boundary conditions:
Lo=0=0,  pr-R-9, (3A-2)
r

where ¢, is the surface potential. The first one is a symmetry condition.

The current mainly flows along the y-direction; therefore, we can assume that V' is
constant along the r-direction; i.e., V=V(x). Equation (3A-1) can be analytically
solved yielding [67]:

p(r) =V + %log(ﬁj (3A-3)
B is related to ¢, through the second boundary condition in (3A-2). The total
mobile charge (per unit gate area) can be written as O=Cox(Vgs-@ms-¢s), Where
Cox=&x/(RIn(1+2,x/R)). From Gauss’s law, the following relation must hold,

R=t,=Ts/2(see Fig. 34-1):

C.o (Vs — e —4,) = Q= s? (3A-4)
r r=R
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Substituting (3A-3) into (3A-4) leads to

q(\QE _-¢ms__\/)
kT

- log(%] =log(1-B)— logB2 + n(%} (3A-5)

where f=1+BR’ is a constant (of ) to be determined from (5), and 7=4&5/CoR is
a structural parameter. For a given Vs, £ can be solved from (3A-5) as a function

of V. Note that J varies from the source to the drain, being V=0 at the source end,

and V=V, at the drain end.

GE\!.'er

| tox
T [
- Channel SN B
Source " ﬁ;’?;ﬁéi&l n* 2R =t
T, |

GatJ

Fig. 3A-1. Cross section of a Surrounding Gate MOSFET

By writing S as a function of O, we can obtain a charge control model relating the

carrier charge density with the bias.

. T 4BR .
We obtain from (3A-3) that a¢ = kT - therefore, in terms of S, we
dr| _; q 1+BR
can write a = 4k—TM Using this expression in Eq (3A-4),
dr r=R q /3
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— de o
Q= SSi% , we finally can writeQ =0, g, where Q) = £si k—T
dr| _; p R
A. Replacing it in (3A-5) we obtain the following charge

Therefore, f =
0+

control model:

g ) KT8 ) Q KTy Q) KT, (Q+Q)
(Ves—0,. — V) qlog(SRzJ c +qlog(Q0]+ qlog( o, j (3A-6)

This charge control model, without the third term in the right hand side (RHS), is

very similar to the Unified Charge Control Model (UCCM) derived previously for
bulk and single-gate fully-depleted SOI MOSFET [129-130]. The third term
appears because of the existence of volume accumulation or inversion, although
this effect, in the RHS of (3A-6), is also included in the other two terms. Quantum
mechanical effects have not been considered in this model; anyway, they are
negligible for silicon films thicker than 10 nm (i.e., R>5 nm). For films thinner
than 10 nm, quantum confinement should be considered; it leads to a reduction of
the channel charge density and an increase of the threshold voltage [67].

The drain current is calculated from:

2nR ¢
Ly =u=— [QV)dV (3A-7)
0

We will obtain an expression of I, in terms of the carrier charge densities. From

(3A-6) we obtain:

dV:_dQ+kT(dQ+dQJ (3A8)
Cox q Q Q + QO

Writing dV as a function of QO and dQ in (3A-7), and integrating between Q, and

Qu, we obtain:
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LR KT (5 o), 200 KT Qa0 3A-9
Lo ="M 20~ Q)+ =50 +qQ010g{QS+QOH (34-9)

ox

Without the third term in RHS, this expression is very similar to the conventional
one for bulk or SOl MOSFET.

As in other device models derived from UCCM, the second term in the RHS of
(3A-9) dominates in strong inversion (when channel charges are large), and the
first term dominates in weak inversion (when channel charges are small). We
observed that the third term in RHS is only important near threshold, but cannot
neglected in this regime.

To calculate the channel current, we have to solve Eq(3A-6) for O=0Q; at the
source and O=Q; at the drain. However, (3A-6) has no exact analytical solution
and in principle has to be solved numerically.

Anyway, it is possible to find approximate explicit expressions of Q in the
asymptotic limits of subthreshold and above threshold.

We can see that in (3A-6), well above threshold, the two logarithmic terms in

RHS are smaller than the first term in RHS, and (3A-6) can be approximated as:

KT 8
2 (Vesmu V)~ KL 2 | (3A-10)
And therefore:
0=C,(Ves Vs —V) (GA-11)

kT 8
where V, = +—1lo
0 ¢ms q» g[:SI{Z ]

On the other hand, we can see that in (3A-6), well below threshold, since 0<<Q,
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0=0, exp(Wj (3A-12)

th
where Vi=kT/q
An approximate explicit expression of Q in terms of the bias will, in turn, lead to
an explicit model of the channel current. In fact, in previous works explicit
solutions of UCCM in bulk and single-gate SOl MOSFETs were proposed and
tested [129-131].
An approximate explicit solution of the standard UCCM equation is [131], is:

Q=C,|- 2CoVr | \/[2C°XVT2 jz +4V] 1og{1 + exp(—VGS mh VD (3A-13)
Qo 0 2V,
This expression tends to (3A-10) and (3A-12) above and below threshold,
respectively.
However, we observed that this explicit expression of O (3A-13) does not work
very well above threshold. . The modeled Q using (3A-13) is significantly lower
than the calculated O from the numerical solution of (3A-6). The reason of this
difference is that the two logarithmic terms in the RHS of (3A-6) increase,
although slowly, with Vs above threshold, and they are not negligible.
Nevertheless, this effect can be modeled as a correction of V). This logarithmic
increase of the threshold voltage with Vs above threshold is also significant in
DG SOI MOSFETs [122].
By considering this effect, from (3A-6), we can write the above threshold charge
density as:

Q=C, (VGS -V, -V, 10g(§—) ~V, log(l + g—ﬁ (3A-14)

0 0
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where Q’ =Cyy (VGS -V - V) , 1s actually a first iteration for Q.

Eq(3A-14) is a much more accurate expression for above threshold than (3A-10).
In order to keep a unified expression for O, we need a unified expression of the
threshold voltage. From (3A-12), the threshold voltage is V7=V, below threshold,
but from (3A-14), above threshold, it is:
V., =V,+V.lo Q Q

= Vo + V,logl — |+ V,log 1+— (3A-15)

Q, Qq

We cannot use Eq.(3A-15) as a unified threshold voltage expression, because the
second term in the RHS of (3A-15) would tend to -co as we decrease Vs below
threshold (since then Q’/Q tends to 0). However, for the same reason, the third
term of the RHS tends to 0 as we decrease Vgs below threshold, as it should.
Note, on the other hand, that well above threshold, Q™>>Q,, and
V., =V, +2V. lo Q

™ ¥ Vo T 108 —— (3A-16)

Qo

A suitable unified expression of the threshold voltage is:
V., =V,+2V,1 Q

= Vo 7 logl 1+— (3A-17)

Q

Below threshold, Q'<<Qy and Vyy=Vy, as it should. Well above threshold,
0>>Qpand V,; =V, +2V, log(g—j , as it should.

0

Our final explicit expression of Q is written as:

2 2\? _ _
Q=C_ |- ZCS‘VT + \/ (2C("2"VT ] +4V: log (1 + exg{VGS VT;;AVTH VB (3A-18)
0 0 T
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In (3A-17) V1g is calculated from (3A-17), where Q’ is calculated from the

unified expression of (3A-13), that ignores the logarithmic corrections of the

threshold voltage:
, 20, V2|2, VY ~V, -
Q =C_|- Coi Vi + ( C"XVT] +4V; log’ 1+exp(MJ (3A-19)
(QO 0 2‘@
2C, V7
9 -
In BA-18) AV, = 0 4 0 This term assures the correct behavior of Q
+
0

: 2C, Wy
above threshold, since AV, ~—2-L above threshold, and therefore

0

2C, V; .
Q=~C, _Q—x+(VGs — Vi +AVy _V) = C,y (VGS ~ Vi _V): as 1t
0
: : 2C, V7 .
should. Below threshold AVt has no influence since AV,  —>—0 << V.

0
We can see in the figures 3A-2 and 3A-3 that the expression given by (3A-18)
agrees very well with the numerical solution of (3A-5), both below and above
threshold, for different values of R. No fitting parameters are used. We assumed a
device with channel length L=1 um, a silicon film radius R=6.25 nm, a silicon
oxide thickness #,,=1.5 nm, and a mid-gap gate electrode (gate working function
of4.61 ¢eV).

Therefore, O, and Q; are calculated from (3A-19) using V=0 and V=V,
respectively. The expression of the channel current given in (3A-9) becomes
explicit.

We observe in the figures 3A-4 that the new explicit model provides very good

agreement with the channel current values obtained using the numerical solution
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of (3A-6). The device simulated is the same as for Fig. 3A-2. The fitting is quite
good from below to above threshold, and the transitions between the operating

regimes are smooth, because of the infinite order of continuity of the model.

0035,
003}

0.025 |

o 002
E
Q
Q0015
001}
0.005/
8s 0 05 1 15 2
Vg VI
(a)
10°
-
107 | 1
10
10
£
Q
a1’
107
107}
10%5 0 05 1 15 2
Vs V]
(b)

Fig. 3A-2 Channel charge density (per unit area) at the source (V=0) in linear (a) and logarithmic
scale (b). R=6.25 nm. Dashed line with circles: model using (3A-17). Solid line: Numerical
solution of (3A-6).
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0o 02 04 08

Fig. 3A-3. Transfer characteristic at V;=0.1 V in linear (a) and logarithmic scale (b). R=6.25 nm.

Dashed line with circles: model using (3A-18). Solid line: Model using the numerical solution of

1
Vas VI

(b)
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(3A-6).
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I:] A i 1 i A i A i i

0 02 04 06 08 1 12 14 16 18 2
Vg [V

Fig. 3A-4. Output characteristics. R = 6:25 nm. Dashed line with circles: model using (3A-19).

Solid line: model using the numerical solution of (3A-6).
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3A-3 FINFET long channel model

To find a closed form for the current in the long channel FinFET devices, we

shall follow the same procedures as the Gate All Around model that were

presented in the last section. From Fig. (3A-5), (see chapter two) the electrostatic

potential for the long channel FinFET is following the 2D-potential component in

case the Fin height are comparable to the Fin width, however for a very long

height the device will follow only the 1D-component.

@)

Potertial []
I

{3v{t} Total Potential

== 30-Potertial component
= a4 2D-Potential component

A S

i

oy
I
Potertial []

Fig. 3A-5 3D potential components vs. channel length at a) Long channel devices, b) Short

Channel length [nim]

)

{3045} Tatal Potertial

== 30-Potertial component
= w1 20-Potential component

channel devices.

10 15 20
Channel length [nm]

Assuming the gradual channel approximation (GCA), in an undoped FinFET,

Poisson’s equation takes the following form (referring to Fig. 2C-1b):

121
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2 2
0 ¢2D(2y72) 4 0 ¢2D(2yaz) :in(y’z)

y 0z &, (3A-20)
n(y’ Z) — nie[(ﬁ(%z)*V]/VT (3A-21)
We have found (see chapter two, and appendix 2C),

620 (1. 2) = dip (M) +a, (V) z+a;(y)-2° (3A-22)
where from chapter two the 1D potential component can written be as,
B 2
bo () =V .h{z +sec’ (B, -y)} v
(3A-23)
with,
oy = (Z(y = to): Ay Vst + Ay Vi, Ay -4,
(3A-24)
A =2 Crll 'Crzz _2Cr11
11
C., —-2)C.,, -2
( rll )( r22 ) (3A-25)
A =2 Crll 'Crzz _2Cr22
22
C, —2)\C.,, -2
( rll )( r22 ) (3A-26)
A = Crll 'Crzz _Cm _Cr22
33
(Crll - 2XCr22 - 2) (3A-27)

the values of C,,, and C ,, are 2C  ,and 2C, ,respectively, where C,, and

C_,values are given before in chapter two

From Gauss’s law, the following relation must hold, (see Fig. 2C-1) along the

FinFET height:

Cox f[VGS_¢ms_¢2D(y:toaz)]d =Q =g J9 agi dz

z=-ho =—ho r=t,

(3A-28)
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From (3A-22) and (3A-24) into (3A-28), we write
L.H.S:
als
Q = Cox .HFIN : VGS _¢ms - ¢s0 +E
(3A-

= Cox ’ HF[N ’ Kl - %}(VGSI - ¢ms) Azz (VGSZ - ¢ms )_ ¢so (1 - ﬂj}

12 12
29)

or normalized to Hp,

Qn = Cox ’ |:(1 - ij(VGM - ¢ms )_ ﬁ(VGsz - ¢ms )_ ¢so( - ﬁj} (3A-30)

12 12 12
R.H.S:
ho ho
Q=¢5 | Wn| g - e | E,(2)z (3A-31)
z=—ho ay y=t, z=—ho
Eso(Z): a¢20| :{a@[)(y)_'_ oa, (y)z+ Ja, (y)zz} (3A-32)
P |, oy oy oy v
with,
O (y) =2V, B, -tan(Bn -to) (3A-33)
¥y |,
Ja, (y) 9 Ci —Cp ¢p (y)| (3A-34)
oy y=t, (Crll - 2)(Cr22 - 2) oy | y=t,
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0a,(y))  __\ 94(») (3A-35)
33
6y y=t, 6y y=t,
from (3A-32) into (3A-31),
A
QZSSi'HFzN' 1-=3 .M (3A-36)
12 oy -

or normalized to Hpn

l_ﬂ)a@D(J’)

12 oy

0, =¢g ( =g -(1—%)(214 B, -tan(B, -1,)) (3A-37)

y=t,
Where B, related to Vs, (given in chapter two).

Set,

A C , A
Qn =8Si ( _1_;3)[2[/} ’ t: 'tan(cn)j:‘l'csi .VT ( _1_;3an 'tan(Cn)

(3A-38)

| A
Where €', =—3— 0 =4C" -V, |1-°3% | and C, = B, -t,.
W 12

2 _ ¢ .an(C) (3A-39)

From (3A-39) into (3A-23), the surface potential can be written as

2

b, =do0), =V, -1.{5"§sec2(3n -zo)}w: v -1{61(0,,2 ok tanz(an))}rV

-, l{g(c {ngﬂw

C, related to 0,/0, from Eq. (3A-39). From Eq. (3A-40) into Eq. (3A-30),

n

3A-40
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ol Ay v B vl [ (0 A,
Q,,—Cux|:(1 D )(ch ¢ms) 12 (VGsz ¢ms) [VT ln{én [Cn +[QOJJ]+V}[1 T j]

!

2
=Co ’[A44V051 —AssVes, = V7 '1n|:Cn2 +(g"}

o

—V—V0]—>(3A-41)

! A
where C_, =(1—1—;3JC A =iz1,andA55:—~

v, =V, -11{51} ¢ (Ay—AL)+V, n{s Tz} ~¢ 4V, m{s ’SV} 3A-42)

qn; - Wey

Note that for below threshold voltage 0,<<Q,

0= lA44VGSl —AssVos = V7 lnlan J_ V- VOJ (3A-43)
From Eq. (3A-39), at 0,<<Q,
C, tan(C,)~C," = g— (3A-44)

For simplicity, drop n-subscript from Q to be

Q _ Qo exl{(AMVGﬂ - AssV' VGSZ - Vo - V)] ~ Qo CX{(VGSI _VVO - V)) (3A-45)
T T

For strong inversion: the LHS of Eq. (3A-41), will be larger than both the

logarithmic terms in the RHS, or

Q=C,, - [A44 (VGSI )_ Ass (Vc.sz )_ V- Vo] ~Cy - [V051 V- Vo] (3A-46)
From Eq. (3A-41), the threshold voltage can written as,
2
Vi =V, -ln[C ’ +[Q] }L V. (3A-47)
TH —'T n 0
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And below the threshold voltage will be,

Vo =V, In (2} +(QJ +V, ~—o0 (3A-48)
QO QO

However for strong inversion Cn2>>(Q,,/Q0) 2, and the threshold voltage can be
written as,

Vig =V -In|C,2 |+ 7, =27, -1n[C, ]+ 7, (3A-49)
Eq. (3A-47) cannot be used as an explicit model for the threshold voltage,
however we can approximate Eq. (3A-47) to be,

Vg =2V, -In[1+C,]+7, (3A-50)
Applying Eq. (3A-7), we shall get the same formula like GAA MOSFET by

replacing the cylindrical surface with 2HpN+Wr, o1,

Iﬁ 2(2}{HW2TLVHN);I

2(7 q QL +£20

ox

20 ) Q=% M, log|:Qd+Q0ﬂ (3A-51)
q

[ ' 2
! 2 2 pu— p—
Q=c, |-t +\/[2C3 VTJ +4V; 10g2(1+exp[VGSl ATREMT VD (3A-52)

Q, 0 2V;
and,
", ', 2
: N 2C V. 2C V. Voo, =V, =V
Q=C, |-y o T L 4v2 log| T+exg ~ 20— T ||| (3A-53)
Q, 0 2V;

Where, Vj is calculated from Eq. (3A-42), and Vg from Eq. (3A-50), and AV
as it given in the last section. The differences between the GAA MOSFET model,

and this general model, can written as
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1) The oxide capacitances for both devices are different..
2) The V, expression are different for both devices
3) The effects of the buried oxide and Vgs; are included in the threshold
voltage calculations, and charge sheet calculations.
4) The device height also is included and taken into account
5) Threshold voltage calculations (Eq. (3A-49) have been done self
consistently with the charge ratio Q,/Q, to find C,)
We have tested the model by comparing the model as a square GAA MOSFET
(1.e.We=HFIN, fox=tpor, and Visi=Veso, and effective devices width will be the
square area) with cylindrical GAA MOSFET, as shown in Fig. (3A-6a). However
there are some difference at high Vs value for cylindrical GAA MOSFET, and it
is due to the fact that the oxide capacitance for cylindrical GAA MOSFET is
bigger than the square GAA MOSFET, which leads more charge as shown from
Eq. (3A-46), in strong inversion.
The threshold voltage correction, AVry, will be zero at low Vgs; voltage to
produce a threshold voltage at low Vs i.e., Vy as shown in Fig. (3A-6b), and their
values will be corrected at high Vs, due to the approximation done in Eq. (3A-
48).
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Fig. 3A-6 a) comparison between the Square GAA MOSFET, and cylindrical GAA MOSFET, by
selecting R=7.5nm, Hpn=Wgn=15nm, and t,,=t,=1.5nm, and b) Threshold voltage correction

Fig. 3A-7 (a and b), shows the FInFET Ids-Vgs; (at Vis;=0) at low and high Vg
value, the model is continuous from below-to-above the threshold voltage and

from linear to saturation regime. The device has been simulated for a mobility of
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450 cm?/V-sec, channel length L=10 pum, a silicon film width Wgn=25 nm,
Hpn=65nm, a silicon oxide thickness ¢,=1.5 nm, box-oxide thickness #,=150nm
and gate working function of 4.5 eV. The FinFET output characteristics were also

shown in Fig. 3A-8.

w107

10" Log 1]

0.5
I
NESV]

Fig. 3A-7. Transfer characteristic in linear and logarithmic scale at (a) V;=20mV (b) V=1V
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Fig. 3A-8. Output characteristics. at Hrpn=65nm, Wen=25nm, and L=10micron
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3A-4 DG MOSFET Model
There are a many models for the undoped long channel DG MOSFET devices

which have been developed. We shall only mention the charge control model
similar to the one developed before for both GAA MOSFET, and FinFET devices
in the last sections.

Taur in [93], has introduced a long channel model for the inversion charge of
undoped DG MOSFET devices based on a 1-D analytical solution of Poisson
equation incorporating only the mobile charge term (referring to Fig. 3A-1,

replacing 7 by y), or

2 ()
Z Zﬁ _ gi n e (3A-54)
y "

N

After solving the last equation along the channel depth, the potential been solved

as a function of the surface, ¢,, and centre potential, ¢, as

2 o
_ ‘.
q¢m %0 _ 10l cosl |4 n, le?r b (3A-55)
2KT 2¢ KT 2
and,
Pos )
v b b
g, —9tmetso t¢"”¢‘m = 23”KTnl[e r eVTJ (3A-56)

From the last two equations it was able to calculate the charge density as shown in

Fig. (3A-9).
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Fig. 3A-9 Sheet density of mobile charge[93]

Malobabic, et. al [132], have extended the Taur model by solving the surface

potential in terms of Lambert function, and they found an explicit solution for the

inversion charge model with a good agreement with that obtained numerically as

shown in Fig. 3A-10 and Fig. 3A-11.
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Fig. 3A-11 Carrier charge per unit area induced in the channel

After applying the current model given by He J. et. al., [133] (see Eq. (3A-57)) on
his charge model, a good agreement have been obtained for the DC

characteristics, as shown in Fig. 3A-12

_W Q Qd wl 3A-58
e o (Q+Qd) ( )

ox
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lps ( WA )

1,5(mA)

Fig. 3A-12 Comparison of the drain current-drain voltage output characteristics as calculated
analytically [132] (continuous line) and from exact numerical calculations (symbols)

From the last sections, we can say that the charge control model has succeeded to
develop an accurate current model for the undoped long channel multiple gate
MOS devices. Moreover these models can be applied to the devices with short
channel if we take consideration the SCEs parameters reported in chapter two.
This can be done if we are able to couple the SCEs developed in chapter two with

the drain current model.

134



UNIVERSITAT ROVIRA I VIRGILI
COMPACT MODELING OF MULIPLE GATE MOS DEVICES.
Hamdy Mohamde Abd El1 Hamid

ISBN:

978-84-690-8295-9 / D.L: T. 1514-2007

135

SCEs in undoped multiple gate MOS

(3B) Ballistic and Quasi Ballistic Transport in
undoped Multiple Gate MOS Devices

3B-1 Introduction

CMOS technology has been proven as one of the most important achievements in
modern engineering history. In less than 30 years, it has become the primary
engine driving the world economy. The secret to the success is very simple: keep
delivering more functionality with fewer resources. Device scaling makes this
possible. For decades, progress in device scaling has followed an exponential
curve: device density on a microprocessor doubles every three years. This has
come to be known as Moore’s law[140]. The roadmap projects a device gate-
length down to ~30 nm around 2014. This forecast promises us another ten years
of brightness. Scaling beyond 30 nm, however, can be much more difficult and
different. Remember, we are quite close to the fundamental limits of
semiconductor physics. How much further down can we go? It is hard to answer.
Nevertheless, without doubt, we are facing numerous challenges, both practically
and theoretically. Device simulation requires new theory and approaches to help
us understand device physics and to design devices at the sub-30nm scale.

For device scaling, we basically try to balance two things: device functionality
and device reliability. Both of them have to be maintained at a smaller
dimensional size. To accomplish this, we need to suppress any dimension related
effects or short channel effects (SCEs) as much as possible. SCEs include
threshold voltage ( V7 ) variations versus channel length, typically V7 rolloff at
shorter channel lengths. This effect is usually accompanied by degraded
subthreshold swing ( S ), which causes difficulty in turning off a device. SCEs
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also include the drain-induced barrier lowering (DIBL) effect. DIBL results in a
drain voltage dependent V7, which complicates CMOS design at a circuit level.
As a transistor scales, reliability concerns become more pronounced. In an ultra-
thin body multiple gate MOSFETs the SCEs can be minimized as explained in
Chapter two.

It should be also noticed that high body doping is not needed here, so the band-
to-band tunneling junction leakage is no longer a big concern.

Moreover, the use of ultra-thin bodies will result in reduced metallurgical junction
perimeter, therefore low junction capacitance. The bodies are typically lightly
doped, giving other advantages: 1) there is barely room for the FBE to come into
play, 2) the Vyy variation due to dopant fluctuations can be eliminated, 3) close-
to-ideal subthreshold swing (60 mV/dec) can be achieved, 4) severe mobility
degradation due to ion scattering might be avoided.

Quantum effects (sub-band splitting) can become significant as the confinement
of carriers becomes stronger within ultra-thin bodies, translating to sensitivity of
Vru to the body thickness. This fundamental physics effect poses an additional
difficulty to control V7 in ultra-thin bodes. (It is worthwhile to point out that this
sub-band splitting effect will increase the band gap between lowest electron sub-
band and highest hole subband, which may considerably suppress the band-to-
band tunneling leakage in ultra-thin silicon bodies.)

So, controlling of short-channel effects is more challenging with the progressive
scaling of MOSFETs. In an attempt to contribute to this field, we propose a
physical compact model of the ballistic DG-MOSFET operation, based on the
Landauer transmission theory [141]. This theory has proved to be an excellent
framework for describing mesoscopic transport [12-13]. In the Landauer

approach, the current through a conductor is expressed in terms of the probability
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that an electron can transmit through it. The net current of the ballistic MOSFET
is obtained by substracting the drain to source transmitted current from the source
to drain transmitted current. The electrons injected from the two electrodes see a
potential barrier along the transport direction. We will consider a classical
potential barrier with a shape governed by the gate and drain voltages. The
transmission probabilities for the electrons crossing this barrier is one or zero
depending whether the electron energy is above or below the barrier respectively.
The use of a classical barrier to model MOSFET operation is a simplification, but
it captures the basic mechanism controlling the current. This approach is valid as
long as the source to drain tunnelling current does not dominate the total current.
More detailed current-voltage characteristics could be obtained considering a

quantum potential barrier.
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3B-2 Ballistic and Quasi Ballistic Transport In DG and GAA
MOSFETSs

In Refs. [25],[134] a compact model for the nanoscale DG-MOSFET, assuming
ballistic transport, has been presented. With this model the maximum expected
performances can be obtained. However, backscattering affects the behaviour of
multiple Gate MOSFET, even if they are nanoscale. Therefore, backscattering has
to be included in a general model. Since the source is highly doped, a built in
potential exists between the source end and the channel. This built in potential
will be a barrier for the carriers. The carriers with energies less than this barrier
value will be reflected towards the injecting reservoirs (source/drain), and the total
current will be decreased due to these backward travelling carriers. The
backscattering coefficient (7) has a value between zero and one, and is a function
of both the critical length, ¢, and the low field momentum relaxation length A
[28]. In this section, our objective is studying and modelling the backscattering
effects on nanoscale DG-MOSFETs, using the flux method originally introduced
by McKelvey [135].

Fig. 1 shows the cross section of the symmetrical DG-MOSFET considered in this
work. In order to illustrate the behaviour of the compact model we have assumed
a DG-MOSFET with gate length of 20 nm and the Si-SiO; interface parallel to
(100) plane. The top and bottom gate oxide thickness are t,x=1.5 nm, the Si body
thickness t is taken as 1.5 nm. The same gate voltage Vs is applied to both
gates. The channel is undoped, the n* source and drain are highly doped, 10 cm™
3. A low field mobility of 120 cm?/V-sec will be assumed in the channel. All

calculations have been done at room temperature.
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Fig. 3B-1 Cross section of the symmetrical DG-MOSFET considered in this section

Let us start with the current expression for a quantum wire MOSFET, given by

[25]

L1 35 (e 1o 2 o (3B-1)

v k. k k>0 m,

In this equation, L is the channel length, corresponding to the transport direction

(x-direction), and sk _/m’ 1s the velocity of the electrons as they are injected from

X

the contact with energy E. The two inner sums account for all the wave vectors
injected by the electrodes and the outer sum for the three sets of silicon valleys

(v=1,2,3) where electrons can lie, each one with a two-fold degeneracy (g,=2); m®

is the effective mass for the transport in the x-direction. If we suppose that the

silicon-oxide interface orientation is <100>, then ' =m>=m,, m’® =m,, where

mr=0.19my and my=0.91my, being m, the free electron mass. The electron energy

is related to k through the parabolic dispersion relation; fs(£) in Eq. (3B-1) is the
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Fermi function for the source contact, which gives the probability that such an
electron is injected from the contact; 7(E) is the transmission coefficient for the
electron; and fp(E)=fs(E+qVss) 1s the Fermi function at the drain contact. The
electron energy E can be written as the sum of the component in the transport
direction (£x) and the component in the confining zy-plane (g'), with the
subbindex 7 denoting discrete subbands (£ = £_+ £'); n=1,2,3,...; and the subbindex
v representing the valley. Only the Ex component is continuous and can vary from
zero to infinity. Assuming periodic boundary conditions over the x-direction, the
inner sum of Eq. (3B-1) can be calculated integrating over kx and multiplying by
the one-dimensional density of states 2x(L/2 ), where the factor 2 accounts for the

electron spin. Then, the current can be finally expressed as:

- RIS { [(fs(B)= £, (E)T(E)E, } (3B-2)
where we have made use of the parabolic dispersion relation for the Ex component
E = "%, (3B-3)

2m;

X

The quantity g/zh is the current carried per occupied subband per unit energy,
which is about 80 nA/meV. For ballistic transport T(E)=1 for £> £'(x,, ), Where

Xmax 1dentifies the position of the n®-subband maximum energy (Or X, for the
potential, V). We assume T(E)=0 otherwise. Eq. (3B-2) can be developed

obtaining the following result:

qkT }
ZZ Epp—Ey (Xpmax) (3B 4)
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where I refers to the current under the ballistic transport hypothesis.
The ballistic off-current and on-current, are shown in Fig. 3B-2a.The [-Vis

characteristic for a DG MOSFET shown in Fig. 3B-2b.

1800 T 1
1600 | Woe=0.60 WV
“'E"“ 1400 |
= o :
%_ 1200 Vos=0.55 V
1000 |
e [ - T R L L L ILEREET) -
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t Gm | il T
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Fig. 3B-2. a) Transfer characteristic of a quantum well DG-MOSFET of 1.5 and 3 nm silicon film
thickness working at 100 and 300 K; b) output characteristic at room temperature of the quantum
well DG-MOSFET with a silicon film thickness of 1.5 nm. In the dotted line, we plot the
nanoMOS simulations; in the solid line, the results from the compact model[25].
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Eq. (3B-4) can be rewritten as a simple function of the forward and backward

directed fluxes as:

I,=1"-1 =W q (F"-F") (3B-5)

where W, F', and F are the channel width, the incident flux from the source, and
the incident flux from the drain, respectively. A simple one-flux representation of
channel transport in the nanoscale MOSFET is shown in Fig. 3B-3. This flux
formulation will be useful for introducing the scattering, as we will explain later.

The potential and charge distribution of the intrinsic DG structure has been
reported by Taur [93]. The electrostatic analysis was only done in the vertical
direction, but it serves to our purposes if we apply the results at the maximum
energy point (x,,y). At this special point, the potential and charge distributions are
essentially controlled by the electric field perpendicular to the silicon-oxide
interface provided that the short-channel-effects are not dominant. The potential

along the vertical direction (0<y<ts;/2) is given by [93]

Q(¢(y)_¢°)=—ln{cos( | a’n eq%/zkryn (3B-6)
2kT 264 kT

where @dy=@(y=0) is the potential at the center of the silicon film, &s;i is the
permittivity of silicon and n; is the intrinsic carrier density. The surface potential
1S d=@(y=tsi/2); ¢s 1s also related to Vs and tox through the boundary condition

at the silicon-oxide interface [93]

Vs = b — d
gox GS fms ¢sa — €S,~ l

=0/2=

ox y y=tg /2

_ 2o kTn (T et i) (3B-7)
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Here Q is the sheet density of mobile charge and ¢, is the work-function

difference between the gate electrode and intrinsic silicon:

e =0 — (X5 +E, 129) (3B-8)
The GAA MOSFET model can be developed as reported by [25], with the
following modifications:

1) the intrinsic carrier concentration which given as,

— = -
\.,.;.":.'J'r — er:Fi_.lr:”

g mS Tl |

/ ; EpyMgd -1 = .

= :g: 2? &sw Juf — 1024 T f

n;=
(3B-9)
should divided by (n- t*/4) instead of the area of the rectangular section
(W s);
2) the separation between the bottom of the conduction band and the bottom of
the subbands is given by the theory of the cylindrical quantum potential well
or,

1|2

-\,
47

N 262 [ |
j“r"; A —5 | J“".l'_'_7|""1.;r|_
e mj_rgi| <

(3B-10)

3) the oxide capacitance per unit area for the cylindrical geometry should be
used (see Sec. 3A)
where E, is the gap energy for silicon (1.12 eV). Below the threshold voltage
Vru~Eg/2q+ ¢y, the mobile charge is very small and ¢y,=@dy=Vis-@ys. In this case,
the bands move as a whole because ¢, and ¢, closely follow Vgs. When the gate
voltage is further increased above the threshold voltage, when ¢,~E./2q, the right
hand side of (3B-6) and (3B-7) are no longer negligible. Since the angle of the

cosine function in (3B-6) cannot exceed 1/2, ¢ saturates to the maximum value
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(kT/q)In27%e,kT 1 q*nz). On the other hand, ¢, continues to increase slowly as

governed by (3B-7) with the exp(q@,/kT) term in the square root neglected. From
(3B-7), the sheet density of mobile charge can be written as

0=2C, (Vos =4 —0u) (3B-11)
where ¢, 1s a function of Vg that can be solved iteratively from (3B-7). The gate
electrodes control the mobile charge (Q) at the virtual cathode (x,,,). This charge
is provided by the source (Q") and drain (Q") reservoirs, by adjusting adequately

the separation between Ers and £ (x_ ):

0=Y 210 (Brs =B )+ 0 (g~ B, ()] (3B-12)

In equilibrium (V4=0), the ky-distribution at Xp.x is symmetrical (+ky and -kg
states are equally populated). When Vg increases, the negative part of the k-
distribution is progressively reduced because the barrier height for the —k, states
increases with Vg. To maintain Q constant, the Fermi level at the source must be
pulled up to inject more forward travelling electrons into the channel to
compensate the reduction of the negative flow. Eq. (3B-12) then relates Vs and
Vs, with the distance between the Fermi level and the bottom of the energy

subbands at the virtual cathode. It can be written in the form

qZZ J N E) (1 (By+ £, (E)dE (3B-13)

Inserting the one-dimensional density of states into (3B-13) and after some

algebraic manipulations we arrive to
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— q \ 2kT V]~ EFS _Ez‘;('xmax) o~ EFD _Ez:(xmax) (3B-14)
0= S Z Z g"m{‘s‘/z( kT JH”{ kT J}
Or in the fluxes form, Eq. (3B-14) can be rewritten as:
0=TF" +F) (3B-15)
v

where v is the average velocity of carriers crossing the plane x=0, and the

velocities associated with the positive and negative directed fluxes are assumed

identical [75].

FE': -
ballistic fux F+
Source > Tirin
F- t Ftg—
1— ———————
scattering flux (1 —r]EB'.._
|
>
| |
0 ¥mr L :

Fig. 3B-3. Simple one flux representation of channel transport in nanoscale MOSFETs.

In the presence of scattering, the negative directed flux (F) contains a component
(rF") due to the backscattering of the positive directed flux injected from the drain
and another component (1-7)Fp" corresponding to the fraction of the flux injected
from the drain (F3) that transmits towards the source. This can be clearly seen in

Fig. 3B-3. By adding the source and drain related contributions, we find

F~ =rF" +(-r)F; (3B-16)
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By substracting the positive and negative directed fluxes, as in Eq. (3B-5), the
current including scattering can be calculated as:
[=Wq {F"=rF"=(1=-rF, |

=Wq (1-r)F" " -F )=(0-r),

(3B-17)

where 1, is the ballistic current given by Eq. (3B-5). The charges provided by the

source (Q") and drain (Q") will also be modified due to the backscattering, to be:

0 =L{F* +rF* +(1=r)F, }=1+r)Q0" +(1-10" (3B-18)
v

The backscattering coefficient r is related to the critical channel length ¢ and the

low field momentum relaxation length A according to Ref. [28] by means of:

¥4
=
f+ A

(3B-19)

The critical channel length /is evaluated analytically in [75] as a function of the

drain voltage,

o (ﬂ KT /q)“ (3B-20)

ds

where [ is a fitting parameter, which should be greater than 1, and o can be
estimated by solving the one dimensional Poisson’s equation along the transport
direction in two extreme cases: collision free (ballistic) and collision dominated
(diffusive) transport in the channel. A single pair of f and « values are used in
[75], and also in this work, i.e., f=1.18 and a=0.57 .

The critical channel length which was introduced in Eq. (3B-20), is switched to L
for V4s<kT/q, leading to discontinuous behavior of the [-V characteristics. In our
model, to avoid discontinuities, we use the following interpolation function for the
critical channel length (¢°), which tends to the desired values at low and high

drain voltage:
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: l
{ = - (3B-21)
1+ /)]

where m is a fitting parameter (~3). From Eq. (3B-21), at low values of ¢ (/<< L,
re., Vgo>>kT/q), ¢'~ras it should, and at high values of /(/>>L, ie.,
V4s<kT/q), ¢' =~ L as it should. The low field momentum relaxation length A can

be obtained from the low field effective channel mobility [75],

1 (2/1 ’CTJW (3B-22)
v q )33,

where 7 is the difference between the Fermi energy level and the maximum of
the barrier and J_, denotes the Fermi integral of order -1, which can be
numerically computed by Blakemore’s method [138]. x is the low field mobility.

The thermal velocity (nondegenerated), v, ,1s given by:

v, = | 2KL (3B-23)
m,7

In Fig. 3B-4, the output characteristics of the DG-MOSFET on the presence of

scattering are shown. The solid lines are calculated by Eq. (3B-17), and the
symbols are the numerical 2-D NEGF simulations obtained with nanoMOS. Good
agreement with nanoMOS numerical simulations has been found. We have
observed that about 60% of the ballistic current is scattered, as mentioned in
[139], and the reason is that the average velocity at the top of the barrier is well
below the thermal injection limit. The cause of the nonsaturation of the current is
that the average velocity at the top of the barrier does not saturate to the thermal

velocity value, as shown in Fig. 3B-5.
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Fig. 3B-4. Comparison of the output characteristics of the modeled DG-MOSFET. The solid line
results of our compact model, and the diamonds represents 2D numerical simulation of the same

device.
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Fig. 3B-5. The bold solid lines are the total average velocity, backward travelling carrier velocity,
and forward travelling carrier velocity. The ratio of the negative directed flux (I') respect to the
positive directed flux (I") is also indicated.
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Fig. 3B-5. shows the average velocity near the source end and its components
(forward and backward travelling components). As the drain voltage, become
greater than the thermal voltage, the average velocity will be dominated by the
forward travelling carrier velocity, and the contribution of the backward travelling
carrier velocity will be negligible. The reason for the vanishing backward
travelling carrier velocity is the suppression of the backward directed flux at high
drain voltage, as shown in Fig. 3B-5 (right side).

The predicted channel conductance does not tend to zero (see Fig. 3B-6), as in the

ballistic case, because of the non-saturating electron velocity near the source end.
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Fig. 3B-6 Channel conductance for the DG-MOSFET. The dotted line is the result from our
compact scattering model (7£0), and the solid line from the ballistic model (+=0). Gy is the
quantum conductance unit (=¢* / 771 ).
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Fig. 3B-7 introduces a comparison between the transfer characteristics (I4s versus
Vgs) obtained with our proposed model (solid lines), and with the model
presented by [75] (dotted lines). The characteristics are plotted for low
(V4s=0.05V) and higher (V4=0.55V) drain bias conditions. We demonstrate that
our model can be used to describe both subthreshold and above threshold
behavior. A discontinuity was observed in the model of [75] at the transition
between below and above threshold, whereas our model does not suffer from this

discontinuity.
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Fig. 3B-7. Comparison of the transfer characteristics between our model (solid lines) and the
model presented in [75] (dotted lines). Plots in linear and log scales for low (V4=0.05V) and
higher (V4=0.55V) drain biases.
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3B-3 Quasi Ballistic Transport in undoped FINFET devices

As explained before, FInFET becomes attractive due to its quasi-planar structure,
better immunity to SCEs, range of channel lengths, CMOS compatibility, good
area efficiency compared to double gate structures and the possibility of using it
with strained Si.

The complexity for developing a 3-D model for studying the DC characteristics of
the FinFETs makes most of the researchers focusing on the numerical results to
explain the devices performance, as done [145-147]. Even the models which
developed to study the DC characteristics considered the FinFET as a Double
Gate device neglecting the effects of the third gate benefits [148-150], and so on,
the backscattering coefficient cannot be analytically developed.

So, we can say, the DC characteristics modeling of doped/undoped FinFET
devices is still an open issue.

In this section we are focusing on the quasi ballistic transport of the undoped
FinFET devices. We shall extract the backscattering coefficient from the device
performance experimentally at different temperatures as it done before for
MOSFET devices in [142-144].

From scattering theory in [75], drive current in saturation region can be expressed

Idsfsat = W'vinj '|:1_rmt:|'cox (VG _VT,sat)

However this model is valid for the conventional MOSFET, but no matter if we
have used it for the FInFET devices, by considering W is the effective device

width, 1e., 2Hp+tWhn.  Vinj, Fsae and Vrimge represent injection velocity,
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backscattering ratio, and threshold voltage, respectively. The ratio 7, is a function
of the carrier mean free path (as shown in the last section), A, and KT layer

thickness, /. From Eq. 3B-19, we can rewrite the backscattering coefficient as

1
- 3B-24
ERNTSY ( )

The Vrgse 1s determined by the maximum transconductance method with the
DIBL consideration (Fig. 3B-9).
The temperature-dependent analytic model is employed to extract the ratio using

the following analytic expression:

aldsimt _ ] L avmj + 1+ rgat 8 (1 + rjvat j + 1 a(I/GS - VTH,sat)
VGS o

oT - ds_sat_vini aT l_rsat aT l_rsat VTH,sat aT
1 o
1, LC) S S S R (3B-25)
T _2T aT 1+ Veur 1- Vear VGS - VTHjsyt

= Idsisat K4

where

Ut

8T = [2rmt . (1 - rsat )]/ T (3B-26)

and o can written as,

4 (3B-27)

gLl
T 2 2_,.& VGS_VTH,sat

where o, m represent the temperature sensitivity of Il and Viygga, 1.€.,

a= (]ds—satl - [ds—saIZ )/[(T'l - T2 )] 4 and n= (VTH—satl - VTH—satZ )/(]11 - T2 ) :

Experimentally we have increased the temperature from 20 to 125C°, and reported

1;-Vgs curve as shown in Fig. 3B-8(a,b), from below to above threshold voltage,
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at low and high drain-source voltage values.
The Vripsa 1s determined by the maximum transconductance curve shown in Fig.
3B-9. The extracted threshold voltage at low Vj value is shown in Fig. 3B-10,
From the last curves we calculated both a, and , n, which have been used to
calculate the backscattering coefficient ratio A//¢, and the backscattering
coefficient 7y, as shown in Fig. 3B-11.The last procedures have been repeated for
a FinFET with different channel lengths, at fixed height (60nm), and width
(25nm).

——T=200C
a0c
————100cC
—— 1250

L=150nrm,
& O0E-05 4 Yds=20m%
5.00E-05
4 00E-05
hs &
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2.00E-085

1.00E-08

VGS’

W

Fig. 3B-8 I vs. Vgsat a) Vg=1V, and b) V4=20mV. L=150nm, Hfin=60nm at different
temperature values.
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Fig. 3B-9 The second derivative method used for extracting threshold voltage. V;,=20mV.
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Fig. 3B-10 Extracted threshold voltage vs the temperature, symbols is the extracted values, and

solid is the linear fitting approximation. V;=20mV. L=150nm, Hfin=60nm
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Fig. 3B-11Extracted backscattering coefficient vs. channel lengths. Hfin=60nm

We need to mention here that we have taken into account the effect of the series
resistance, which extracted from I~V curves. Now, to account the amount of the

scattering current, we set

1._
B = [ la ] (3B-28)
1+r

sat
Then, the total current can be written as,

1 ds _with-scattering :Bsaz 1 ds _ without —scattering (3B-29)
As shown from Fig. 3B-12, we have found that more than 50% of the total current
will be scattered due to the backscattering phenomena for channel length below

100nm, which is approximately the same result we have deduced analytically

before for the DG MOSFETS, in the last section.
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Fig. 3B-12 The backscattering current ratio vs. channel lengths. Hfin=60nm

With backscattering phenomena we have lost more than 50% of the total current
for the modern devices, which are designed to obtain lengths below 100nm. The
future work should try to minimize this ratio. There are many solutions for doing
that. This work should focus on increasing the electron mobility by,
1) Using a strained Si layer which will increase the electron mobility and so
on increasing the total current.
2) Using new materials like carbon or Ge which increases the drift current
component.
3) Using different lattice orientations, and this may need more studying to get

the best methods that give a higher mobility.
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CHAPTER FOUR

Conclusions and recommendations
for the future work

4-1 Summary

In this thesis we have studied the characteristics of the undoped multiple gate
MOS devices.
We have introduced compact models for the Short Channel Effects (SCEs) for
three multiple gate devices (Surrounding Gate All Around, Double Gate, and
FinFET). The compact models for SCEs that are introduced through this thesis
are:

1) Threshold voltage

2) Subthreshold swing

3) Threshold Voltage Roll-off

4) DIBL
After we have studied the last four SCEs effects we got a complete idea about the
three device performances in the case of scaling down their dimensions. The last
SCE:s effects have been modeled based on solving the Poisson’s equation with the
mobile charge density. We did not introduce any fitting parameters to develop

those models. The device electrostatics has been studied based on the device
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structures as: we consider 2D structures (like Double Gate MOSFETs), and 3D
structures (like Gate All Around MOSFETs, and FinFETs). The models have been
successfully validated with numerical simulation results and the experimental
results that were done at the Microelectronics Laboratory, Université catholique
de Louvain, Belgium, for channel lengths down to 30nm.

We have also proved that the devices with multiple gates have better
performances than the devices with a single gate using our models. We have
compared the performances of Double Gate (DG) and Surrounding Gate (SG)
MOSFETs, and we have found that the Surrounding Gate MOS devices can
provide the same performances as the Double Gate MOS devices, having a
channel length longer by about 33% than the channel length in the Double Gate
MOS devices.

Also, we have presented an analytical DC model for undoped multiple gate MOS
devices. The model is based on a new unified charge control model developed for
those devices, from which we derived a channel current expression in terms of the
channel charge densities at the source and drain ends of the channel. The model
becomes explicit by using appropriate expressions for the channel charge densities
in terms of the applied voltages. The channel charge distribution in the silicon
film is adequately accounted for in the charge control model. Good agreement is
found between the new explicit model and the numerical exact solution obtained
from the charge control model, which, in turn, was previously validated by
comparison with 3D numerical simulations. Besides, the channel current
expression presents an infinite order of continuity over all operating regimes,

which makes the model very promising for circuit simulation.
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The backscattering coefficient has also been studied through this thesis. We have
studied the backscattering coefficient analytically in the Double Gate MOSFETs,
and experimentally in the FinFETs. The analytical model has been introduced
based on the McKelvey theory. The current model we have developed, is
continuous from below to above threshold and from linear to saturation regions
without suffering from discontinuities. A good agreement with 2-D numerical
simulations (nanoMOS) was obtained. We have extracted the backscattering
coefficient from the device performances experimentally based on the device

current dependence with the temperature variations.

4-2 Recommendations for the future work

We have studied the SCEs for devices with channel thickness larger than 10nm,
which allows us to exclude the quantum effects in our models. In the future we
shall study the SCEs for the undoped multiple gate MOS devices with channel
thickness thinner than 10nm, i.e. the quantum effects should be included. To
improve the SCEs models that were developed through chapter two to includes
the quantum effects, we do not need to start from the beginning. We should only
correct the threshold charge values for the three devices[151]. After correcting the
threshold charge values we can apply our SCEs models with the new corrected
values.

Also in the future, we shall study the DC device characteristics for the devices
with shorter lengths. Again, we shall not start from scratch. The basic idea will be
to couple the DC model, introduced for the long channel devices in chapter three,

with SCEs models that we developed in chapter two.
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After we have studied the backscattering coefficient and we have detected that the
device lost more than 50% of its total current for the devices with channel lengths
below 100nm, we should study the backscattering coeffcient for the devices with
new materials like SiGe [152], or carbon. A lot of research has already been done
for carbon nanotubes but still there are no suitable compact models for the
backscattering for that device. Also, the strained materials are interesting to be
used in Si multiple gate devices, such as FInFET. Compact modeling for those

devices is still an open issue.
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Appendix (2A-1)
Using (2A-8), (2A-10) and (2A-11)in Eq (2A-14), we get:
V24, (x, r)__ ¢1<x)/Vr[ by (r.) I Vy _1] (2a-1)

si
Making a Taylor series expansion of e”“"”"r up to the linear term we obtain

(this approximation is valid if ¢»(x,r)/V is small enough):

V20, (5, r) =L n e OV [ ¢y (x, 1) 1V —1] (2a-2)
SSI
We finally get:
x)/V
vZg (x,r):Ln,eqjl( ) T4 (x,r) (2a-3)
2 el ! 2

where ¢;(x) is given in Eq.(2A-19), by applying the cylindrical gradient to the left
hand side term of Eq.(2a-3) as:

10

——r—(¢2(x r))+ ¢2(x r)— X7 neﬂ(x)/VT;/ﬁz(x 7) (2a-4)
ﬂ T

Assuming that:

b (x,7) = f1(x) f2(r) (2a-5)

substituting Eq.(2a-5) into Eq.(2a-4) and rearranging the appropriate function f,(x)

with its derivative, we get:
n ’ ”

S oA q e (2a-6)

+=—t—=———ne

frorfs fi g Vp !
Eq.(2a-4) can divided into two equations based on variables separation method to
be:

”

N4 neh @V _y2 (2a-7)
ho eV
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and
L, S 2 (2a-8)
S/

where y(=2B/L) as given by [92] is the separation factor (i.e. eigen value of
Eq.(2a-8)).

Eq.(2a-8) has a general solution of form:

fH@)=Cl-1,(y-r)+C2-K,(y-r) (2a-9)
where K is the zeroth order modified Bessel function of the second kind. Eq.(2a-
9) can be written in terms of a new parameter n as:
fr(r)y=Cl-Ig(2n-r/tg)+C2-Ko(2n-ritg;) (2a-10)
Where n=y/2=B-1si/2-Land 0<r <tg /2. We can analyze the factor n due to

the channel length and silicon thickness as:

M min < N short < M max (23‘1 l)

where n,,, expresses the value for the short channel devices (<50nm), and n,,,,

for long-channel devices. Since B ~3, and the minimum silicon thickness that can
be considered is about 1.5nm (despite it is not practical case but we shall not
exclude it to get a wide range model), we obtain n,, to be ~0.1. From the
roadmap and the recommendation listed in ITRS report [79], and the fact that, as

mentioned in [84-85], [si/L],,, =0.7and since the minimum expected channel

length is 10nm (in 2014), we obtain that n,, ~1. Also, at very long channel
lengths n,,,, — 0. Therefore, Eq.(2a-1) can be modified to cover both short and
long channel lengths as:

0<np<2 (2a-12)
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The last introduction about n and its range is important to refine Eq.(2a-10), and
also to get an analytical model that may contribute for updating or comparing with
that listed in ITRS report.

We will obtain analytical expressions of f;(x) and f>(r), from which, using (2a-
5), da(x) will be calculated.

Fig. (2a-1) shows the graphs of the different orders of the first modified Bessel

function L.

}hﬁv

Fig. (2a-1) The first order modified Bessel function

Since the second order modified Bessel function K, is defined as [86-91]:

(lnzﬂ;C)l (2npr/ tS.)-zl (ZUr/tS»)-ZI @nprity)—

1\ 2 O 712 724 ‘

Ky@n=
Jle2nriis)y

(2a-13)

C being approximately 0.6, and for the given range of n, Eq.(2a-10) can be

approximated to be:
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fr(r)=Cl-1,2n-r/ty)—C2-In(n-r/ty)-102n-r/tg) (2a-14)

Because of the symmetry of the potential along the channel depth the constants
Ci, and C, must be equal and Eq.(2a-14) finally can written as:
f2(r)=102n-r)-[1-1n(7-r)] (2a-15)
The differential equation (2a-7) has an analytical solution for f;(x) [92] :
4sin-x)—2cosf- x){tang X,) +tan€ (x—xm)} -
A= .

tang “X,,)" tang (x—x,,))-sinf - x)
(2a-16)

Vos=Pus—bm | sin® |
o o= 1-ingr2)]
F2U'11(7)+10(ﬂ)

The threshold charge has been calculated numerically. Fig. (2a-2) shows the 3-D
numerical values of the inversion charge density (cm™) with log scale for various
values of both silicon thickness and channel lengths against the gate-source
voltage. From these simulations, the mobile sheet charge density at threshold was
estimated to be about ~1.2-102¢m™. At approximately this value its dependence
on Vs stops being exponential, which is an indication of the starting of the turn-
on condition. DESSIS-ISE software has been used to perform 3-D numerical
simulations using the MOSFET structure described in Section 2. The Poisson and

electron continuity equations are solved considering the drift-diffusion approach.
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Fig. (2a-2) 3-D numerical simulation results (using DESSIS-ISE)of the mobile charge density (per unit area).
We observe that the threshold charge is approximately 1.2-10"2cm™

Appendix (2A-2)

(A) SOLVING (2A-52),

2
12,90 5 m+Zg(r=0 Eq. (2A-52)
ror or A2

We use variable separation to find the solution of Eq.(2A-52), i.e,
¢ (x,r) = G(r)- H(x) (2a-17)

From (2a-17) into (2A-52), and re-arranging the equation to be:
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G'(r) 16 __H'Y) =2 (2a-18)
G(r) r G(r) H(y)

where v is a separation factor, i.e. an eigen value. (2a-18), can written in two parts

as:
G’ 16 2 _, (2a-19)
G(r)y r G(r)
And
H"(J’) 2
Ly =0 (2a-20)
H(y)

Eq. (2a-19) has a general solution in terms of the Bessel functions types Jy, and K,
as,

G(ry=A-Jy(y-r)+B-Ko(y-7) (2a-21)
And Eq. (2a-20) has a general solution in terms of exponential functions as,
H(x)=C-e’* +D-e™™* (2a-22)

We normalize Eq. (2a-21) to channel radius:

Gr)=A4-Jy(A-r,)+B-Ky(A-1,) (2a-23)
where
A=y, (2a-24)

Substituting Eq. (2a-24) into (2a-22), to obtain

s L
H(x)=C-e " +D-e (2a-25)

Since the Bessel function K, is not defined at zero, we can consider that its

coefficient is zero(for simplicity). Therefore, the potential can be written as:
PEd aE

¢1(r,x):[(A~C)-e " +(4-D)-e ’o]-Jou-rn) (2a-26)

Or
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ﬁ_i —)»i
¢](r,x):{co-e " +C e ’°]~J0(l~rn) (2a-27)
From Eq. (2A-53) one obtains:
Vi =0 ()= Y [Co+C ] Ty (1) (2a-28)
m=1

And from Eq. (2A-54) one obtains:

© A £ -2 £
Vig + Vi =9 (r) = Z{Co e "+C e ro}'t]o(ﬂ*m °r,) (2a-29)

m=1

Please notice that, from (2a-28), V,, —¢,(r) is the bessel Fourier coefficient of the

function [Cy+C,]-Jo(A2-r,). V, +V, —d,(r) is the Bessel Fourier coefficient of

a=ln (2a-30)
T

<, +CJ=£§~[VM =40 o2 r)dr (2a-31)

lc, e +C e t]= j% . +v, -8, Ty (A-r)dr (2a-32)

0

To calculate the eigen value, apply (2A-55) to (2a-27), or

G'(r,)+C,-G(r,)=0 (2a-33)
or
57(2)
2\ 2a-33
7o) (2a-33)
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Eq. (2a-33) is called “* Robin Boundary condition[73],[74], with norm,( i.e. N)

is given as,
2 2
NESEATC N P () (2a-34)
2 A2

After solving 2a-31, and 2a-32 one obtains the coefficients Cy, C; and hence the
complete solution.

As given in the text of the chapter.

(B) THRESHOLD VOLTAGE CALCULATIONS

Use the same definition for the inversion charge as that introduced before in Eq.

(2A-29), or

o
O, = 2] net U0 dr (2a-73)
0
Qinv _ _
VT ’ ln - ¢min (7" - rc) (23_74)
2n, -7,

where 7. is the weak path or the conduction path, and from the symmetric of the
device along the radius Eq. (2a-73) can solved at r=r.=0.5, or

v, .h{ O, }z "

2n, -1,

+ Sds - Sgs ’ ¢so (23-75)

r=0.5

Since the channel is undoped with a negligible electric field across the device

radius, we can consider,
VGS _¢ms = ¢0 r=0.5 ~ ¢s0 (23_76)

At the threshold voltage condition, Q;,,—Qrx, and since we can write the

threshold voltage as,
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1 QTH
gs

%'Q

(C) SUBTHRESHOLD SWING CALCULATIONS

To find the subthreshold swing model, solve Eq. 2A-83 at the conduction path

value, i.e. r=r.=0.5, or

-1
— aVGS — a¢min (7‘ = I"C) VT 11’1(1 O) (23_78)
dlogl, oV

where,

Obun(r=r.) _ 0
OV g OV s

6, . +S,-S,-8,]=[1-5,] (22-79)

From (2a-79) into (2a-78), we write the subthreshold swing as,

s= P _ 1y a0 (2a-80)
ologl, |I-S,]

gs
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Appendix 2B

(A) SOLVING (2B-12)
Vi, =-Ln Eq.(2B-12)
or

2 Hp()
o 4, " (2b-1)

dyz Esi

Eq(2b-1) has a general solution of the form

b, (M) =V, .mI% {1 + tanz[zg yjﬂ (2b-2)

where

q
n;
& Vr (2b-3)

Introduce a new constant B,, as (normalized to tsi/2, where the device is

o=

symmetric along y-axis)

B A L (2b-4)
2.V, 2
B
$p(¥)=Vr 'h{z ng [l-i-tanz (BnJ’)ﬂ
(2b-5)
2b-5 satisfies the boundary condition listed in Eq. 2B-14
a¢zD ::0
oy =0 (Eq. 2B-14)
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2b-5 can be written as:
Bn 2
$p(¥)=Vr-In 2.5 sec (Bnyn)
(2b-6)
Where B,, can be calculated from:
0
‘:OX : [VGS - ¢m$ _¢1D (y = to )] ==& %
ox Y b=, (2b-7)
(B) SOLVING 2D POTENTIAL DISTRIBUTION
Solving Eq.(2B-19)
02 82
—2¢2D (x, y)+—2¢zD (x,»)=0 (Eq- 2B'19)
Oy Ox

Eq. 2B-19 boundary conditions related to the 1-D potential component, can be

written as
0 5
e
ox Yo b (2b-8)
a H
2o [0 o (5, = 4] = - 22
ox y y==i, (2b'9)
$:5(0,0) =V, = ¢, () (2b-10)
Pop (L, y) =V +Vy =915 (») (2b-11)
Set,
$ap (x, ) = G(y)-H(x) (2b-12)
From 2b-12 into Eq.(2B-19), and rearrange the equation to be:
G'(y) _ H'(x) 2
SV - 2b-13
Gy H@ (2-13)
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Where vy is separation factor, i.e. eigen value. Eq.2b-13, can written in two parts

as:

G'(y)
=0 2b-14
TR ( )

and

I{”(x)__ 2 _ -
") 7> =0 (2b-15)

Eq.2b-14 has a general as,
G(y)=A4-Cos(y-y)+B-Sin(y - y) (2b-16)

And Eq.2b-15 has a general solution in term of exponential functions as,

Hx) = |c-e7tD s D] (2b-17)
We normalize Eq.(2b-16) to channel thickness, tsi/2, :
G(y)=A-Cos(A-y,)+B-Sin(A-y,) (2b-18)
Where

A=y-t, (2b-19)
substitute Eq.2b-19 into 2b-17, to obtain

Hw=ce' b et (2b-20)

From 2b-16, and 2b-14 into 2b-8, or

iﬁ _ﬁ_i
by (X, 9)=G(y)-H(x)=[4-Cos(A-y,)+B-Sin(A-y,)]-|C-e © +D-e " (2b-21)
drop subscript n from Eq. 2b-21, to be

x—L x
¢2D(x,y):[A~Cos(/1~y)+B~Sin(l~y)]~{€-el o +D-e 1{0} (2b-22)
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To find the constants of Eq. 2b-22, use the boundary conditions in Eq. 2b-8 and
Eq. 2b-9, apply the two boundary conditions to 2b-22, or

200Gy =1,) H@)=2,-G'(y=1,)- H() (2b-23)
and
f_ 0-G(y=—t,)-Hx)]=¢, -G'(y=—t,) H(x) (2b-24)

ox

From 2b-17, 2b-18, Chen et. al [78], has proved that the eigen value A can be,

A= 7\«evena and 7\«odd
Aodd has a very small effect on Eq. 2b-22, which leads to a negligible sin
coeffcient, and the effective value will be only the cosine component based on the

even eigen 1.e, Aeven With (see Fig. 2b-1),

ﬂeven tan ﬁ’even = CV B
2b-25
set,
A tan(ﬂ) =C, (2b-26)
C,=C, o (2b-27)
Esi
c, =S (2b-28)
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&0 | —

e ty [l
@ — 077
..... 1107°
- -3
- 150

Eigen value Calculations

Lovwvest eigen value of &

[N N N N AN A N [ R R R R R
-6 -48 -36 -24 -12 0 12 24 3f 48 6 M08 -12 08 04 0 04 05 12 16 2

A it

-

Fig. 2b-1 Eigen value calculations, a) series of eigen values, and b) lowest eigen value

So, we can write,

lﬂ X
#(x,y)=|(4-C)-e * +(4-D)-e | Cos(A-y,) (2b-29)
or
)bx—L —ii
p(x,y)=|Cy-e © +C e " |-Cos(A-y,) (2b-30)

we can find Cy, and C;, by applying the boundary conditions at the source end,

and drain end as (Eq. 2b-10, and Eq. 2b-11),

L

Vbi_¢1D(y):Z Co-e " +Cy|-Cos(2-y,) (2b-31)
n=1
. L
Vi V= bp(0)=D|Co+Cy-e " |-Cos(A-y,) (2b-32)

n=l1

Please notice that from Eq.2b-30 that: V,, —4,(»)is the Fourier coeffcient of
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Ea
Cy-e "+C,|, i€, a,. Where V, +V, —¢,(y) is the Fourier coeffcient of

L
A, .
Cy+C, e r°]~C0s(/1~yn), i.e., a,. Where,

ay = [ 1(v)eosld, - yhiy (2b-33)

Applying Eq. 2b-33 to Eq, 2b-31 and Eq. 2b-33 (for more details about solving
the fourier coefficient, see appendix 2C, for FinFET ), we found Cy, and C}, as,

Lt
CO = Sl ' I:Vds + Vbi : {1 —e - J] - SZ ' ¢s0 (2b_34)

i i
Cl_Sl'[Vbi.{le IOJ_VdS'e to]_S2.¢so (2b_35)

S}, and S> depend on the device dimensions, and given by
S, - 4-sin(4) . (2b-36)
) g
[2-/1+sin(2~/1)]-[1—e fo }

S, = (2b-37)

(C) VIRTUAL CATHODE VALUE AND THRESHOLD VOLTAGE

Since the virtual cathode value is the minimum potential value, i.e.:
Dinin (X, ) = $1p (V) + ¢ (x, )’)|min (2b-38)

where
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P (X, y)|min =00 (Xpin> ) (2b-39)
Where x,,,;, 1s the minimum position value and can be expressed as:
0pp (5, V)| _ 0 (2b-40)
ox .
We found that
L ¢ C
. — e — ln —_—
min =37 5.7 {C}
(2b-41)
_ . i}
A cos 2 A
Vil 1=e " [+ Vo |— 24— l—e " |-¢,
I ’ sm(ﬂ)
0
== -In 2b-42
xnnn 2 2.2 ) ( )
A LA cos| - A
V|1 by, e " |-2 l-e " |- @,
bi e ds "€ Sll’l(ﬂ,) e ¢50

All the above parameters are defined before (see text).

The virtual cathode position vs. channel length, shown in fig.(2b-2)for different

V4 values.

100

xmhlnmLD -

40

1] a0 100 120 140 160 180 200
Channel length [rm]
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Fig. 2b-2 Virtual cathode position vs. channel length.

Since, the inversion charge can be calculated as,

tO
Oiny =2 ,[ ”ie¢[xmi" 220g dy (2b-43)

0
where the last integration can be approximated as,
Oy =21, e Pmn Ve (2b-44)

where y., in Eq.( 2b-44) accounting as the conduction path (or weak path), and
from the device symmetry, Eq. (2b-43) can be approximated at the value of
y=y.=ty/2 or ty/4. This approximation of the conduction path agrees with the
natural of the undoped channel, where the potential along the channel thickness is
approximately flat which allow us to expected that the weak path can be at any
point from center to the surface unlike the doped devices. So we can write Eq.

(2b-44), as

sz _
VT ' ln{znl : to } - ¢1D ‘y:yt‘:OS + Sds - Sgs . .¢S0 (2b-45)

e
S, =2-5, -cos(l)e “|\V, -sinh| x A +2-V,, -sinh Lz -cosh [xmm —L}ﬂ (2b-46)
2 t, 2 t, 2 1¢,

Se =28, cos(%j e 2. COSthmm - %j %} (2b-47)

¢1D|y=y(=0'5 ~ Py bl P (2b-48)

or
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v, 1n|:2Qt:| -5,
n;-i,
- 2b-49
¢1D y=y,=0.5 1-S ( )

gs

since the undoped devices leads to a negligible electric field along the devices

thickness, or

Vas = Pus = Pio y=05 0 (2b-50)
or
VGS - ¢ms = ¢1D |y:0.5 (2b'5 1)

into Eq.( 2b-50),

VGS - ¢ms = ¢1D

s = - (2b-52)

At which the inversion charge reaches to its threshold value we can rewrite Eq.(
2b-52), as

VTH _¢mv 1-S (2b'53)
gs
or,
v lanTi }_ .
VTH = ¢ms + - (2b'54)
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At very long channel device both Sy, and S, goes to zero,
_ O
Vigg =@, +| Vy -In (2b-55)
2n; -t,

Eq. 2b-54 and Eq. 2b-55 are accounting as the threshold voltage for both short and
long channel DG MOSFET device.

(D) SUBTHRESHOLD SWING
To find an expression for the subthreshold swing, apply

— ‘ --1
o a .
Vs »=0 Vas
- - 7, In(10) (2b-56)
Ologi, fo
[ 1)
»=0 J
n,(y=y ).% B
W s T Vg
= ~ Vy In(10 2b-57
Olog1) (v =) r IO (2b-57)
0B |
S~| 0y In(10 2b-58
S| ) (2b-58)
From Eq. (2b-45), we can write
OB i
—mn ~1-S 2b-59
Vs & ( )
or,
S~ 11020 Vy In(10) = [mV / Dec] (2b-60)

gs
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Appendix 2-C
3-D Poisson’s Equation solving procedures
We define the oxide capacitances as
Corg =22 (2¢-1)
Cor =2 (2¢-2)
Loxl
ng
Cox2 = (2C'3)
b
We define the oxide capacitance to Si- capacitances ratio, as
Cro = Coxl t_o (2C_4)
h
Crl = Coxl . (2C-5)
Cr2 = C0x2 . (20-6)
-
A rl (2¢-7)
2
| P ——
CVZ
1_CL
Al= 1 (2¢-8)
1
1 -
Cr2
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(A)

d’¢,,
dy2

-2007
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THE 1D POTENTIAL SOLUTION (NORMALIZED TO FIN WIDTH)

i (y)

q vy

=—n, e

&

Si

an 2 .
¢ (V) =V, -h{ﬁsec (B, y)}

Where B,, can be calculated from

Coxo ’ [VGS - ¢ms - ¢1D (y = to )] = gsi

b0 (1,2) = dip (M) +a, (V) z+a (v)-2*

using the boundary condition in Eq. (2C-13), and Eq. (2C-14), or

Coi - [VGS1 —@. —bp(¥,z= 1)] = _gSiM

Cor ’[VGsz =P —Pop(¥,2 = _1)] =&

We found that,

a,(y) =

[(ch ~ B )_ do (y)]_ A- ((Vcsz — P )_ o (J’))

9%

oy

y=l

Oz

0,5 (1,2)
Oz

z=1

z=-1

|

1——

rl

o

1——

r2

c.

(2¢-9)

(2¢-10)

(2c-11)

(2c-12)

(2¢-13)

Eq.(2C-13)

Eq.(2C-14)

(2c-14)
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a2~ ) o )], <y>-[1 -IJ

Cr2
- 2
( CI‘Z j

(B) 3-D ELECTROSTATIC POTENTIAL SOLUTION

a,(y) = (2c-15)

The 3-D potential component, is harder to obtain than the other two components.
We set, ¢3p(x,»,2) = f(x)-g(»)-h(2) (2¢-16)
from Eq. (2¢-16), into Laplace Equation in (20), we get

AN (G O N (2c-17)
fx) gy h(2)

by using the variable separation method we can separate f(x),g(y), and h(z), as
gO»)" . y.=0 (2¢-18)
g(y)

h(z)" )
e T

=0 (2¢-19)

LACHI (2¢-19)
/(@)

where vy, vy, and v, are separation variables or eigen values, with
7oAy =yl =0 (2¢-20)
and,

Ao=r, +7. (2¢-21)

The general solution for f(x), g(y) and h(z) found as,
g(y) =4, -cos(yy -y)+ B, -sin(yy -y) (2¢-22)
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f(x) — A2 .el‘.-(fo) + 32 .e*ﬂx'x (2C-23)
h(z) = A4, -cos(}/z -z)+ B, ~sin(7z -2) (2c-24)

Since we have proved before from DG MOSFET analysis that g(y) can written as,

g(») =4, -cosly, - y) (2¢-25)

From Eq.(2¢c-16) we can write,

Byp(5,3,2) = (4, - 1 B, e ). (4, - cosly, - v))-(4; -cos(y. - 2)+ B, -sin(y. - 2))(2¢-26)

Multiply A; in the whole parts, and rename the constants again to be as,

byp (x,,2) = cos(yy -y)- (A Ay e”i*““)- (C-cos(y, -z)+D-sin(y. -z)) (2¢-27)
For the 3D-Potential component we have 5-boundary conditions and are related to

the main boundary condition, or,

a 2 b
Con1 [0-43p (x, 3,2 =h,)]= —5&'%
z=hy (Eq.21)
0¢;p (x,3,2)
Cox2 ’ [O - ¢3D('x7y’z = _ho)] = ‘9Siw6—
‘ 2=ty (Eq.22)
Coxo : [0_¢3D (X, y=ti, 72)] ==& W
O (Eq.2C-22")
¢3D (0, Vs z) Source—end Vbi - ¢2D (ya z)
(Eq.2C-23)
$p(L,y,2) Drain—end Vis + Vi =025 (1, 2)

(Eq.2C-24)
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To find the eigen values we should use the boundary conditions in Egs. (21, 22

and 22') , as

(B.C.1) Top gate Boundary condition: apply Eq.(21) into Eq. (2¢-27),

0= 10)-l0)-le = =g )b e, ] (20-28)
W(z)

C,—h,- ) 0 (2¢c-29)

where, from Eq.(2¢-27)

h(z)=C- cos(;/z .z)+ D- sin(;/z -z) (2¢-30)

W(z)=-A,-C-cos(y.-z)+ A, -D-sin(y. - z) (2¢-31)

Substitute from Eq.(2¢-30) and Eq.(2c-31), into Eq.(2¢-29),

Cpr =y = tanly,, h,) _ (2¢-32)
R+ tan(yzn . ho)

where y_ is related to the top-gate eigen value

or normalized to #4,,

F =C. -2 Lan(m:o 9/1zo=]/zo.h

2c-33
z0 rl zo R + tan(lzu) ( C )

o

(B.C.2) Bottom gate Boundary condition(at Buried oxide): apply Eq.(21) into
Eqg. (2¢-27),

1+R- tan(}/z1 -ho)

=0 2c-34
’ R_tan(yzl.ho) ( ¢ )

CrZ +}/zl h

where y_, is related to the buttom-gate eigen value

or normalized to A,,
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B 1+R-tan(/121)_ _ ) -
le - CVZ +ﬂ'zl R—tan(/lzl) =0 ’ ﬁ’zl - ]/zl ha (2C 35)
where,
:£:B.C:£:Eq.(C—57) (2¢-36)
D B-D D' Eq(C-58)
(B.C.3) Right/Left gate Boundary condition: apply Eq.(227) into Eq. (2¢c-27),
Coxo ' [0 - ¢3D(x’y = ZLo’Z)] ==& %M (2C-37)
Y y=t,
C,-7,1, -tan(}/y -to)z 0 (2¢-38)
normalized to t,,
F,=C, =2, tanld,)=0, A, =y -1, (2¢-39)

The eigen values calculations is shown in Fig. 2¢-1.

ool LI S B S S B B B B B B 40 T T T T T T T T
(=)

Eigen value Calculstions

&
TTTTTTTTITTTTITTITTITT

2
a

Eigen value Calculstions:

Lowvest eigen value of &,

Fig. 2c-1 The eigen values calculation, where the right sides (b, and d) explore the values of the
lowest eigen values that were used for calculating the potential, and satisfy Eq. 2C-19.
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(B.C.4) Source end Boundary condition : apply Eq.(2C-23) into Eq. (2¢-27),

Vii —=#op(¥,2) = i Zm:(A A0 g ve_i*'o)- cos(ﬂy,n -y)- (Cvcos(/izym ~z)+ D- Sin(ﬂ,zym z)) (2C-40)

n=-00 m=—w0

we multiply both sides by sin(A.z) and integrate over the Fin height,

.“Vh' - ¢2,)(y,z)] -sin(ﬂz -z)dz :J. i i(A A0y g e’l"o)- cos(l),,,, . y)- [f Dcojfj(}: ;Iz.)z)}in(ﬂz,m : z)dz (20-41)

n=—wm=—0

we use the property of two orthogonal sets, i.e.,

Icos(ﬂnz) . COS(/lmZ)dZ :0 .......................................... : n 7& m

and (2c-42)
[cos(4,2)- cos(4,2)dz =[ cos(4,2) - COS(, 2)dz+evvvvvvveene =n=m

or

[V, = #0 (v, 2)]sin (2. - 2)dz = { S (4-D-e " +B.D): [sin(z. -2)dz-cos(a, , - y)| (26-43)

n=-oo

The last equation is equivalent to the Fourier coefficient ,b,, for the function

I[Vbi —$op (0, 2)]sin(4, - z)dz , where b, is defined as,

z

b, = [ f()sin(a, - yhiv (2c-44)
From Eq. (2¢-43), and Eq. (2c-44),

(A~D ey B~D)I sin(A, -z)’ dz = J.cos(/”ty,n ~y)dyJ. [Vsi = bap (v, 2)]sin(4, - 2)dz (2¢c-45)
z v z
J.J.[Vb,- —dp (1, z)]sin(/lz ~z)cos(/1y’,, -y [dzdy
yz

B-D= —A-D-e~t (2¢c-46)

j sin(4, -z dz

z

Again, we multiply Eq.(2¢-40) by cos(/.z) and integrate over the Fin height,
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n=—o0m=—0

‘!.[Vb' —¢2D(y,z)]~cos(ﬂ: -z)dz :I i i (A~el‘“’°) +B-e™* '°)~cos(/7.m 'y)~ [SDCOSSI(I?(; .Z.)Z)JCOS{/?'Z -z)dz (ZC-47)

or

.[[Vhi - ¢2D(y,z)]cos (/12 ~z)dz = Li (A .C-e ™" +B ~C)~J.cos (/1: ~z)2 dz - cos (/1‘_',1 y)} (2C_48)

n=-o

The last equation is equivalent to the fourier coefficient ,a,, for the function

“Vbi -0, (y, Z)]cos(/lz -z)dz , where a, is defined as,

z

a, = [ f()eos(z, - iy (2c-49)

[ [0 = 20 (. 2)]eos(2 - 2)eos(a, -y lizay
B-C=2Z —A4-C-e ™t (2¢-50)
J.cos(/lz -z)2 dz

z

(B.C.5) Drain end Boundary condition : apply Eq.(24) into Eq. (2¢-27),

Vas Vi =#2p(3,2) = i i(A +B- e"’IX‘L)- cos(/iy",7 ~y)- (C-cos(4,,, -z)+ D-sin(2,,,-z) (2¢-51)

we multiply the last equation by sin(A.z) and integrate both sides, and solve for

AD,

J.J‘[Vds + Vbi - ¢2D (ya Z)]Sin(/lz : Z)Cos(ﬂ“y,n 2y Zdy

A-D=22 —B-D-¢ ™"t (2¢-52)
I sin(4, -z)’dz

z

Again we multiply Eq.(2¢c-51) by cos(A.z) and solve for AC,

I.[Vd&' + [Vbi - ¢2D (y7 Z)]COS(ﬂZ ’ Z)COS(ﬂy ’ y)dZdy

A-C=22 ~B-C-e ™"t (2¢-53)
J.cos(/iz ~z)2 dz

z

we name the variables AR,, AP,, ARy, AP, Q,, and Q) as,
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AR, = J'sin(/lz z)dz = —L-{M—lz} ...... A.#0 (2¢-54)
A, 2
AR, = J.cos(ﬂ, z)dz L sin(24, ) A (2¢-55)
1 z lz 2 z
AP, = j sin(A, - z)dz (2¢-56)
AP, = '[cos(/lz -2)dz (2c-57)
AP, = AP, J cos(/iy . y)dy -4 sin(4,)-sin(4,) (2¢-58)

z

) Ay

Fig . 2¢-2, shows the variation of AR,, AR, AP; and AP, against eigen values, A,.

Fig. 2¢c-2 Potential parametric figure (AR,, AR;, AP, and AP,)
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Set,
. 2-a, .
0,03)= [ o 0. si, -2kt = -2 fin(a ), cost. ) (2¢-59)

0 = J'¢2 p(y,2)cos(A, -z)dz = 2 ~¢13—Z(y)[sin(ﬂz )+ —2¢’l"’1 b), [Sin(iz )[% - L] + —COZ(ZZ )“ (2¢-60)

z

where Q,, and Q, are two symmetric functions along the y-axis as shown in Fig.
2c-3. We rewrite the equations of AD,AC,BD and BC in terms of the new

variables to be as,

s feosle, -3k 0, (o, )

B-D= y AR ~4-D-en" (2¢-61)
VbiARIcos(ly ')/)dy _'[Ql (Y)Cos(ly -y)dy
B-C= y y —A4-C-eht (2¢-62)

AR,

(Vas +V3)- AP, I cos(4, - v iy —j' 0, (»)cos(4, - vy

A-D= 2 -B-D-e ™t (2¢-63)
ARO
(Vs +V3)- AR _[ cos(4, -y kv —f 0/(y)eos(A, - ykiy
A4-C= 4 2 —B-C-e™"t (2c-64)
ARl
The 3D Potential can then rewritten as,
G (. 7.2) = i i icos(zm )-os(, -2)-(4c - 60 4 Be e i sin(a,, ) (4D - ) 4 BD-e"‘*“)](2C_65)

n=—0m=-w k=-x

o) 2 i i icosum ) feos(2 -2) (A"e;"‘*'(“) + C'.e"“*'x)+ sin(2,.,, -z)- (B'.em =) |y e—xm-x)](2c-66)
n=—0 m=—o0 k=—0
(Vds + Vi ll —e J) AP, =5 - ll _e Mt J

A'=4-C= ARl‘ll—e_M“LJ

(2¢-67)
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(2¢-68)
VAP, =S
C'=B-C=-t—"2 "1L_g.eht (2¢-69)
AR,
-2, L AL
o AL Vbi_[Vds”fbi'(l—e )] S5 I_M (2¢-70)
AR, 2sinh(4, - L) AR, 2sinh(4, - L)
-S
D'=B-D=—2_RB'.¢~*t (2¢-71)
AR

o

pr=—o {1_ (l‘e“)} (2¢-72)

2sinh(A, - L)

-110

210t

0.6

T T T -8-10 T T T
()]
-1t —
2y

-1210°°

i ] ] ]

-14-10

0427 T T T

() )

Q1 o465 - —

1 -0 0 0.5 1

Fig. 2¢-3 Qo, and Q1 vs. normalized Fin width, and eigen values
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Set,

S, =J.Q0 cos(ﬁy ~y)dy (2¢-73)
¥

Si= I 0, coslA, - yhiy (26-74)
y

Where S,, and S; have not analytical solutions but from the symmetry of both Qo,
and Q1 along y-axis as shown in Fig. (2¢-3), both S,, and S; can be approximated

as,
A
S, ~20,(y=0.5) cos(%} (2¢-75)
4 . Ay
S, = /1—2 [sin(2, )- 4, -cos(4, )] COS(TJ ‘a, |y:0.5 (2¢-76)
A,
S, =[20,(y=0.5)- VT]cos[j}j (2¢-77)

S, = {: : [sin(/iz) bo(y=05)-a,(y = O.5)-[sin(1:). {1_1}  cosl )H _ VT} . co{éy] (2¢-78)

2 047 A,

Where V7 is just an offset. The comparison between exact and the approximated

values of S,, and S; is shown in Fig.(2c-4).
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Fig. 2c-4 Comparison between exact values (solid lines), and the approximated values (dotted
lines) of So, and S1.
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In Eq.(2¢c-66) replace the exponential function by hyperbolic functions and

rearrange the terms again, we got

oo (5,3, 2) = oS, -y)-{i oy 2 WDy -Do]—[% Oy )+ -z)J-DU}(zc'm)

N=0 ALY

1 o

The two summing symbols have been removed; we only consider the lowest eigen

value, with,

sinh(A, - x)—sinh[A, - (x—L)]

D =
o sinh(A, - L) Eq.(2C-26)
sinh(4, -x)
p, = 34 ) Eq.(2C-27)
sinh(4, - L)
T o T T T T
ozs X R IHIEBLEBE xR0 002 OB BBO ST H IO
L=120nm L=60nm
— onzf - -
% = % 0.0z
g ;
E 0015 — E
E EUDM
% 001 - — %
; z ;
=1 e a
“““ A A
0005 |- —
0 B D = 0005 L L |
-1 05 0 0.5 1 -1 0.5 0 05 1
¥ ¥
Mormalized Channel wicdth Mormalized Channel wicdth

Fig. 2¢-5 proves the assumption done in Eq. 19, Hfin=60nm, W{in=20nm. The potential is drawn
at y:0-75WFIN; XZO.SL, and Z:HFIN

Now, the complete 3D potential can be calculated by summing both 3D-potential
part (Eq. 2¢-66) and 2-D potential part (Eq. 2C-13), as shown in Fig.2c-6 a, and b.
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In Fig. 2c-6a the device is quite long and therefore the device electrostatics is
governed only by the 2D-part (= 1D potential value) where the Short Channel
Effects are negiligible. In Fig.2c-6b, the device length is scaled down and
therefore the gate losts the full controllability of the channel electrostatic
potential, and the drain/source potential are arises the channel potential to increase

the SCEs, as shown in Fig.(2c-6b).

: I 2 T T T
] 302} Total Potertial {
() (W7 Total Potertial E ®) == 30-Potential componert :
15 . r 15 = = o 20-Patential compansnt
== 30-Potertial component
= w1 2D-Potential component
5 )| =
E : =
E 1= wigak SCEs E.;- Z
- o
o
v
0.5 s a1 4
) o
Y ()
= = SLRGHOEEEE ISR S < - -
a T T | ] | o | | | | |
0 20 40 B0 a0 100 120 5 10 15 20 25 30
Channel length [nm] Channel length [nm]

Fig. 2¢-6 3D potential components vs. channel length at a) Long channel devices, b) Short channel
devices. Hen=60nm, Wepn=20nm. The potential is drawn at y=0.75Wrg, and z=Hgp

(C) VIRTUAL CATHODE VALUE AND POSITION

The virtual cathode value is the point at which the potential has its minimum
value. By finding this point (along the channel length), the virtual cathode

expression can be calculated substituting by this value into the general form of the
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3D-electrostatic potential. The minimum value will take place at the position at

which,

og(x, y,2)
ox

~0 (2¢-80)

“'min

Applying the last definition into Eq. 2C-27, we got

(2c-81)

L I'IH{A'+B'~tan(ﬂz~z)}
» C'+D'-tan(A, - z)

where as shown from Fig. 2¢-7, the minimum position will not be depenedent on
the position along y-axis (where it is symmetric), but there is a small dependence
on the z-axis position due to the asymmetric device structure (biasing and
structure). From Fig. 2¢c-7, we conclude that there is only one point in the devices

which will be the virtual cathode value, (which will accounting as the weak path).

The minimum potential can then be written as (see Fig. 2¢-8),

R (2¢-82)
L AP AR,
Pip min (¥,2) = c0S(4, - ) ZARZ cos( Ay 'Z)'[Vd.\- Dy i Vs 'Domin]_ s “Dyin ¢+ $25(:2)
N=0 ALY ——-sin( A4,y - 2)
AR,
~_sinh(4, - X)) ~Sinh[A, - (i — L)] (2¢-83)
omin — : )
sinh(4, - L)
:ShﬂKﬂx'xmm) (20-84)

™0 Sinh(A, - L)
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* i [rim]
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e 7=l
i z=0

Fig.2¢c-7 The virtual cathode position vs. drain-source voltage. due to a) the effect of the eigen
value, and b) the position from center to the top gate.

Mormalized Fin Height

Center of Gravity
Yiz=0Y

Mormalized Channel width

Center of Gravity
Wia=1Y

1] 05

Marmalized Channel width

Fig. 2¢-8 the contour of virtual cathode at a) Vds=0V, b) Vds=1V, L=60nm, Hfin=60nm,

Vigsi=0.2V, Wfin=20nm.

(D) SUBTHRESHOLD SWING

From Eq.(2C-31), the subthreshold swing defined as,
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oo h Bin(1,2)
1,0 j j n-e " dzdy (Eq.2C-31)
=—t, z=—h,
or
o 0o |
2. n ( ¢3D min > Z dde
oV,
WVsi =—h, y=0 oSl
= = fo (Eq.2C-32)
Ologi, hy g
2 | [0z
L z=—h, y=0 i

However the last integration is the exact expression for the subthreshold swing,

and can be calculated at the conduction path,:

a¢3D7min (yc>Zc) B

n »Z, -
_ 6VGSI _ m(yc z ) aVGSl _ 8¢3D7min(ycszc) : (2C—85)
Olog/) Ny (Vesze) Vs
By differentiating Eq. (2¢-82) respecting to the Vs, or
’ v Z) WVt Dimin Vi Doyin | =
a¢3D7min(yc’Zc)_ 0 cos(A, . ) XARI : [ ] b3z (20_86)
v, *OVGSI v Ve NO( j o WVesZe
zN Z) o min
Set,
_ B, 0 |4 . ol 22|, ]
S, = Vs, = Vs [/1 3 [szn( ) A, cos(ﬂ.z)] cos[ 5 ] a0|y_0'5] (2¢-87)
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1 1
sin(iz)-{—}
os, o |4 2 2 2,)(2¢-88)
DiSl B aVGSl - aVGS[ Z. SIH( ) ¢1D(y 05) al(y_O'S). +COS(A’Z) _VT .CO{ZJ
A,
0| d
D_¢yp = o dp(V)tra,(v.) z.+a(y.) z, (2¢-89)
GS1
From the symmetry along y-axis, (yc =0.5):
== pp(r=05) (2¢-90)
Vs Vs
0 a,(v.)= 0 — 9 4, (y=05)= 0 [(VGSI ¢1D J/L)] A VGsz )_¢1D(yc)) (20-91)
Wes1 7 W Vst ( 1 J [ ]
and,
1
P P [(VGsz_¢ms)_¢1D(yc)]+aa(yc)’[1_Cj 2 92
) =—a((y=05)= 2l (2692)
aVGSI aI/GSI aI/GSI 1_i
-2
A
—a,(y.)= (2¢-93)
Vs [1_1]+A (I_IJ
rl Cr2
1 1
@,(5.) (1—]—1 —[l—j
0 ov, C, C,
) =—> S 2/ - 5 1 ! 1 (2¢-94)
ST I O e R
Crz CVZ Cr] r2
D ¢ =|1+=2—a, ) ()2
2 aVGSI ’ yc ‘ a GS1 1 yc ‘
(1 1 J (2¢-95)
D _¢,,=1+ a z, — Cu 2, ~1
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The FinFET normally is designed to have a Fin height bigger than the Fin width,
and therefore Eq.2¢-95, at certain dimensions will tend to be unity (where for a
very narrow device cross section, the exact solution in Eq. 2¢-95 should not
approximated to be unity).

From Eq.(2¢-93) and Eq.(2¢-94) into Eq.(2¢-87), and Eq.(2c-88), we can write
D So,and D _S1 as,

4 . A
D S =- _2~[s1n(/12)—/12-cos(/”tz)}cos(—y :

. )
A - Aot
Cbl C;Z

(2¢-96)

1 ] , 11
I-— sm(ﬂz)~|:—}
D_§ = /li sm(/lz)+ [ Cn . 2 A -V, -cos[ﬁzy} (2C-97)
z {1,i] [1,L]+A,[1,L] +COS(/1z)
C Ch Cp A,
or
14 in(a)-a, o 2] LA -
D_§,= /122 [51n(/12) A, cos(/lz) cos[ 2} N T\ AL+A (2¢-98)
(%2
1 1
sin(/lz){——
psi=fanti e AL a2 (2¢-99)
A (1— 2 jAHA +cos(ﬂvz) 2
C;Z ﬂz

Finally we can write,

A 1
9sp_min VerZe) _ 1 {cos(ﬂ,y -yc)-{z [DA—RSI cos( Ay +z.)+ DA}?SO -sin( A,y -zc)j-Domm H (2¢-100)

aVGS] N=0 1 o

Using Eq. (2¢c-100) into Eq. (2¢-85), the subthreshold swing is found as
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-1
~(D_S D_S
S=11- /1§ =L cos(A,y - =0 .sin(A,y - 2,) |* Dy mi 2¢-101
8.8 { [COS( y yc) {NO( Rl COS( zN Zc)+ RU SlIl( zZN Zc)] omm}]} ( C )

We set K;, and K as,
S D

o omin

' AR, ¢ip (y = 0-5)
_i Domin
AR, ¢ip (y = 0-5)

K,

we can write,
-1

SS=[1-% K, -cos(A,-y,)-cos(A, -z, )+ K, cos(A,-y,)sin(4, z,)| -V, -In(10)
;”:ml

By comparing Eq. (2¢c-104) with Eq. (32), we can write

-1

S
J. I 1, (¥,2)-cos(4, - y)-cos(4, - z)dydz
1-cos(4, - y.)-cos(4, - z,) = z==h, y=0 _
[ [t 2y
L z=—h, y=0 |

And,

[ on ot IR

j 1 (v,2)-COS(A, - ) -sin(4, - 2)dydz
z=—h, y=0

cos(4, - y.)-sin(4, - z,) = —
[ [, 2xiva:

z==h, y=0

or

(2¢-102)

(2¢-103)

(2c-104)

(2¢-105)

(2¢-106)
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h, ot 1!

j j (3, 2) - COS(A, - ) - cos(A, - 2)dlydz
cos(4, - y.)-cos(4, - z,) = 2=k, y=0 — (2¢-105")

[ [nr. vz
L z=—h, y=0 |

And,

I h, o, !

j j 1 (3, 2)-c0S(4, - ) - sin(4, - 2)dydz
1-cos(A, - y,)-sin(A, -z,) =| =20 (2¢-106")
.f Inm(y, z)dydz

L z=—h,y=0 i

We can write S.S as,
-In(1

5.5 = /21000 5600 = [y Dec] (2¢-107)

gs
Remember that both K;, and K, are in units of V/V, (S,, and S; are in units of
Volt). Where,

Sg = ZKI -cos(4,, - y.)cos(4, -z, )+ K, -cos(d, - y,.)-sin(4, - z,.) (2¢c-108)
7

The subthreshold swing has been extracted from I4-Vgs curves experminatlly
(Fig. 2¢-9 show an example for the measured I4-Vgs in logarithmic scale) and
numerically, with a good agreement with both as shown from the figures through

the chapter.
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Fig. 2¢-9 Measured I4s-Vgs in logarithmic scale, Hfin=60nm, and L=40nm
(E) THRESHOLD VOLTAGE CALCULATIONS
The inversion charge can be written as,
o, h Purin (752)
_ v,
Qu =2 [n-e " dedy (2¢-109)

y=0z==h,
From the devices symmetry along the Fin width, the last integration can be

approximated as
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¢min (ycﬂzc)
0, =2:1,)(a-Hpp)omoe (2¢-110)
0.
¢mm(}2’zc)::V>ln{ = (2C-111)
! (WFIN)'(a'HFlN)'ni
Using Eq.(2¢-86), into Eq.(2¢c-111),
icos(/lm )+
1 Aljz i
COS(&), yr.) ZECOS(X“ZN 'Zc).[Vds 'Dlmin +Vb[ 'Domin]_ 'Domin +¢2D(yc’zc)(2c—1 12)
N=0 1 o ., Sin(lzN . Z(»)
7R R ¢
=" 1n|:(WF1N)' (a'HFlN)'ni:|
or
1 5 cos(A,y +z,)+
—cos(4, -yc)-z 1 "Dy +2p (Vs 2.) (2¢-113)
| 2esin(ay 2
ARD
_ Qimf _ . . ] APZ . . . .
- VT ln|: (WFIN)' (a . HFIN)' ni i| COS(&O‘, yc) 1\;) ARI Cos(ﬁ’zN Zc) [Vds Dl min + Vbi D
cos(A,, -z,)+
! 1
¢2D(yc’zc)_cos(/1y.yc).z .Domin
N=0 AR?O -sin(A,, - z,) (2¢c-114)
Y S
(WFJN)' (0( ) HFIN)' n;
L AP
Sds :COS(Z}) yc)z ’ cOS(/I?“z,n .Zc).[Vds .Dlmin +Vbi .Domin] (2C-115)
n=0 1

Write,
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¢2D(yc’zc) :[1+ ao(yc) z + al(yc) z 2]
¢1D(yc) ¢1D(yc) ¢ ¢1D(yc) ¢
1
_¢1D(yc)+au(yc)'[l_ ] (2C'116)
=1+ A'¢1D( c) + 3 Cr2 i
1 1
dl1= d1- [
dp(ve) Kl C,1J+A (1 Cr2j:| [ Cer éplve)
—1+ A-diplve) 2o+ ) N A-gip(ye) (17 1 jzc s (20-117)
éin( c)'l:[lfcirl]*A'[l*CLﬂ]:l [1_7]'@0( e) l:[l—cirl]JrA-[l—chzﬂ'ﬁD( ()L e
=1+ A N I S A [l_ij ,22=1+Fl+5(2c—118)
BN
Crl Cr2 CI‘Z Crl C,,z

Where F; accounts for the ratio between the top gate oxide to the buried oxide,

and written as,
1

1

A 2

(2¢-119)

Fi = [;j;?—j—————

r2

2

.ZC+ -
——
C

J+[A1+A] e

r2

0 accounts for the ratio between back gate biasing, V gs» and Vs, and can be

written as

525,52 Yasncta) 12 A (V52 =) ” (2¢-120)
[ b | [aob (1= 2 Jea(1- ]

Since,

&zaéﬁégﬂﬂﬁm@y@cm@ym{%] (2c-64)

where,
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[(V031 _¢ms)_¢lD(y = 0'5)]_A'((VGS2 _¢m.r)_¢lD(y = 0-5))

I_L +A- I_L
Crl CrZ

~ _ (aL 2c-121
= [(VGSI ¢m1)]+¢10(y 0'51) (A 1)—51 -¢1D(y = 0-5) e )
l-——|+A|1——
[ Crlj [ Cr2j
= | A ) '¢1D(y = 0'5)_51 '¢1D(y = 0'5)
[1_]+A.[1_]
Crl Cr2

Since the device is undoped, the electric field is =0, or

a,(y=05)=

(V51 =G )= 10 ()] 0 (2¢-122)

A (2c-123)

A
" ip(y=05)-5-¢p(y=05
Jea - )
CrZ

S, = —5[sin(1,)- 4, -cos (lz)]'ws[%j. (1 _

1
Crl

4
2.2

From Eq. (2C-15), we can write

1
[(Vcsz =P )_¢1D (y = 0'5)]+a0 (y=0.5) '(1 _Crzj (2c_15)

al((y:O.S)): : 1 ; ( ]
¢p(y=05) ¢,(y=05 2
T Tl JH

(2¢-125)

From Eq. (2¢-124), and (2¢-125) into Eq. (2¢-66),
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. .¢1D(y:0-5) . 2‘“1(y:0~5)A
S =22 712 sm(),z)+7¢m(y:0'5)

put (VgSZ _¢ms): 0

b

sin (lz)Jr 2.

206

|:sin (ﬂz{%—

5, <4500 =05)

ﬂ’z Cr2

A
51:4.M (12J[A1+A

A

z

1
.27

+0'

z

mmnﬂw{gj4,w{?] (2¢-66)

(2¢-126)

A y (20- 1 27)
. cos(yJ -V, - cos{yJ
2 2

From (2¢-118),(2¢-123), and (2¢c-127), into (2c-114), we got
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Sin(lz)+2~ 1 [AIAMIJ-F&w
A;I cos( Azy ‘Zy)'% {{l_c?z] »cos(%}#—
*|:Sl'ﬂ (/1; {;* - /1172] + cosl(j_, )}
$1p ()| L+ Fy + 8)= cos( 4, .yc).zl“ A]RO sin (Aay cZe) - /142 sin (22)= 2. - cos (Z.Z)]-cos[%] Do
. A -8
hlc‘l]A[lc‘zj l

+ 87

(2¢-128)

A 1
Sy =Vycos(4, -yc)cos(éj- Z:cos(/iz,v z,)-D, .. (2¢-129)
N=0
! Q
I 1=S +5}+S =V, In o Sy 2¢-130
¢1D(yc)|: ) ’ ' ' |:(WF1N)'(a'HF1N)'”i ‘ ( )
1 £2Mv
¢1D(yc)=—,[VT ln[ }—Sds —STJ (2c-131)
|:]—Sgs +53} (WFIN)'(a'HFlN)'ni
At the value of the threshold charge we can write threshold voltage as,
VTH = Ous ++(VT 1n|: QTH :|_Sds _STJ (20-132)
[I—Sgs +53:| (WFIN)'(a'HFlN)'ni

S =F+5-5, (2¢-133)
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sin(Az, )+ 2 ! ( A —1]
L, " (1 2 j A+ A
. ;)A—Rlcos( Fon20) ., " 2e-134)
O, =cos(A,-y.)-cos| —|-| "
7 [ 2 J { {:1 1 J cos(ﬂzn)}
sin(Ay, | =— +
24,2 Azn
1
51 . I . . 4 . i} - .
nzz;) AR, sin(Az, - z.) /12,,2 [sm (lzn) Ay - COS (ﬂ'zn )]

As Vg, = @, , 03 will go to zero as shown in Fig. (2¢-10),

3100 3510 410 4510 ° 50 % 5510 ° s0 0

by,

Fig. 2¢-10 Demonstration of the value of d;
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Finally we can write the threshold voltage as,

1 Ory
(Vo) = =V 1 -S, =S, 2¢-135
for) [I—Sgs }[ n|:(WF1N)’(a'HF1N)'”i:| j (c )

where,

A +A
1 4 (1 2 ] 1
—cos(A,, -z,)- +
ARl ( zn c) lzn Cr2

' ) <
e ZCOS(A}’.yC)'CO{TJ'Z) ~|:sin(ﬂn{ - ]+C°S(ﬂzn)} Do min
n= Z]

1 ) 4 . _ A
T -sin(A,, .Zc).7-[sm(ﬂzn)—/1m 'COS(/lzn )] {17 1 ] ' A+ A

(2¢c-136)
To get the value for the threshold charge, we have found that both Sy, and S at

long channel device goes to zero, as shown in Fig.(2c-11). Also there is a

negligible difference between S, and Sy’
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ns

Threshold Yolatge Coef.

a0 100 140 200
Channel lengthlnm]

Fig. 2¢c-11 The long channel threshold voltage parameters

and so on the long channel threshold voltage, can be written as

Vi =, + V1 'h{ O j (2c-136)

nyWepy - Hpy
By substracting the Vry for long channel devices from the general model in

Eq.(2c-135), the roll-off can be written as,

1
AV =V, ~ln[ Ou J -—1|=S8, (2¢-137)
n Wiy - Hpy 1-S

85
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The DIBL effect can be calculated using the same manner as for both DG, and
GAA MOSFETs, by substracting the Vry at high V4, value from the Vg at low Vi

value.
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