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ABSTRACT

The scaling down of device dimensions of MOSFETS is accompanied by a decrease in the
gate-oxide thickness and an increase in the substrate doping density. When the gate-oxide
thickness becomes less than 2 nm, a substantial amount of current flows through the

oxide due to Direct tunnelling.

High-k dielectrics are being extensively studied to replace silicon dioxide as they allow
for higher physical thicknesses of oxides (EOT). In order to maintain a good interface
between the gate-oxide and the channel and to prevent mobility degradation, there must
be a thin interfacial layer of silicon dioxide between the bulk and high-k dielectric which
calls for the introduction of gate stacks. In this work, an analytical model has been
developed for gate tunnelling through two layer gate stacks. The results obtained from
this model show good agreement with the simulation results obtained using Silvacco
(Atlas) tool. The effect of variation of interfacial layer thickness and capping layer
thickness on the tunnelling current density has been studied. The study reveals that both
these thicknesses must be kept as thin as possible for the gate leakage current density to

be minimum.

Direct tunnelling through single layer dielectrics has been well studied and analytically
modelled for single dielectric layer. The results obtained from this model show good
agreement with the experimental results. The impact of variation of gate-oxide thickness
and k-value of dielectric on the tunnelling current density has been studied. The
tunnelling current density is inversely proportional to the gate-oxide thickness as well as

the k-value of the dielectric.

The tunnelling current decreases by an order of magnitude of approximately 10* by using
gate stacks instead of using only silicon dioxide as dielectric. The polysilicon gate must
be replaced by metal gate so as to prevent the formation of interface states between the
top gate and high-k layer. An analytical model has been presented for the case of metal
gate also.
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CHAPTER 1
INTRODUCTION

1.1 TRANSISTOR SCALING

Over the past decades, there has been continuous scaling down of the MOS transistor.
The typical channel lengths of MOSFETSs were once several micrometers, but the channel
lengths of MOSFETSs incorporated in modern integrated circuits are in tens of
nanometres. The term scaling refers to the reduction in device dimensions. All vertical
and horizontal transistor dimensions are scaled by the scaling factor s>1. The minimum
feature size and the fabrication technology determine the extent of scaling that is
achievable. The pace for MOSFET development is set by the “ITRS” which is a roadmap
maintained by the semiconductor industry [1]. The fabrication process of semiconductor
devices, the need to use extremely low voltages, and poorer electrical performance pose a
hindrance to the down scaling of transistor dimensions, thus, necessitating circuit

redesign and innovation.

REASONS FOR SCALING

e The key reason for scaling down transistors is to accommodate large number of devices in
a given chip area. As a result, the chip exhibits the same functionality in a smaller area, or
chips exhibit more functionality in the same area [2].

e Since, the cost of fabrication for a semiconductor wafer is almost fixed, the cost per IC is
associated with the no of chips that can be produced per wafer. Hence, more chips can be
produced per wafer by using smaller ICs. This reduces the price per chip.

o Smaller transistors switch faster. Width, length and oxide thickness are the main device
dimensions that are scaled down .The scaling down of these dimensions by an equal factor
results in the scaling down of the gate capacitance as well. This in turn scales down the RC

delay of transistor and speed increases [3].

1.2 MOORE’S LAW

Moore's law describes a long-term trend in which the number of transistors that can be

incorporated on an integrated circuit has doubled approximately every eighteen months.



This trend was described by Intel co-founder Gordon E. Moore, in his 1965 paper. The
paper brought into notice the fact that the number of components placed on integrated
circuits had doubled every year since the invention of the integrated circuit in 1958 until
1965 and also predicted that this trend would continue "for at least ten years". His
prediction has proved to be exceptionally accurate and is now used in the semiconductor
industry to set targets for research and development and to guide long term planning.
Moore’s law, has undoubtedly been the guiding principle for the continuous reduction of
CMOS dimensions since the time Gordon Moore first predicted it in 1965. There has
been a scaling down of CMOS devices to the sub-100nm regime over a period of few
decades. The “Moore’s Law” is a concise description of the continuous, periodic increase

in the level of miniaturization [4].
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Figure 1.1: Moore’s law

1.3 SHORT CHANNEL EFFECTS

A MOSFET device is considered to be short when the channel length is of the same order
of magnitude as the depletion layer widths of source and drain junctions. In order to
increase the operation speed as well as the number of components per chip, the channel
length is reduced. This gives rise to Short channel effects [5]. The various short channel

effects are as follows:

1.3.1 SUBTHRESHOLD LEAKAGE

In order to reduce internal electric fields and power consumption, low power supply

levels are required by short channel transistors. Maintenance of performance is

2



guaranteed by commensurate scaling of the transistor threshold voltage. When the gate
voltage is below the threshold voltage, sub-threshold or weak inversion current flows
between drain and source in a MOS transistor.

There is an exponential relation between gate voltage and the drain current. On a semilog
plot of Iy versus Vg, this relation is a straight line. The equation for sub-threshold current
is

Igs = M, Cox (?) *(m—1) *v? * [e(vg_vth/m”t)] * [1 — e(_”ds/”f)] (D

where,
M=1+Cym/Cox=1+3tox/ Wam
V: threshold voltage

Vi : KT/q (thermal voltage)
Cox: gate oxide capacitance
Mo: zero bias mobility

m: subthreshold swing

Wgm: maximum depletion layer width

1.3.2 DRAIN INDUCED BARRIER LOWERING

This occurs when the source and drain depletion regions interact with each other and
lower the source potential barrier near the channel surface. Carriers are then injected into
the channel surface by the source. DIBL becomes more severe at shorter channel lengths
and high drain voltages. DIBL can be reduced by higher surface and channel doping and
shallow source/drain junction depths. The higher doping reduces the depletion widths of

source and drain and prevents them from interacting with each other.

1.3.3 PUNCH THROUGH

Extremely low substrate doping results in even larger depletion depths and an increase in
the penetration of drain electric field through the channel to the source, thus, making the
DIBL effect stronger. As a result, barrier to the carriers decreases and more and more
carriers enter the channel leading to a drastic increase in the current. The current is so
high that it becomes impossible to turn off the device. Punchthrough is of two types [6]:

o SURFACE PUNCHTHROGH: In this the current flows through the surface.

o BULKPUNCHTHROUGH: In this the current follows the subsurface path.




() ()

Figure 1.2: Surface and Bulk Punchthrough

1.3.4 HOT CARRIER INJECTON INTO THE GATE OXIDE

In a short channel transistor, the electric field is very high near the Si-SiO, interface, due
to which electrons or holes can gain sufficient energy and enter into the oxide layer by
crossing the interface potential barrier. This effect is called hot-carrier injection. The
probability of the injection from Si to SiO, is more for electrons than holes, as the
effective mass of electrons is lower than that of holes, and the barrier height for holes
(4.5eV) is more than that for electrons (3.1eV).

E. p-substrate

Ex
n+ poly-silicon /

Figure 1.3: Injection of hot carriers from substrate to oxide

1.3.5 GATE INDUCED DRAIN LEAKAGE

High field effect in the drain junction of a MOS transistor gives rise to GIDL. When a
negative bias is applied to the gate, there is accumulation of holes at the surface due to

which the surface behaves like a p region more heavily doped than the substrate. As a



result of this, the depletion layer at the surface is much narrower than elsewhere. This
narrowing of the depletion layer at the surface causes an increase in the local electric
field, which in turn enhances the high field effects near that region. An even larger
negative bias causes the n+ drain region under the gate to be depleted and even inverted.
This leads to a peak field increase, resulting in a drastic increase of high field effects such
as Band-to-Band tunnelling and avalanche multiplication. These effects lead to the
emission of minority carriers in the drain region lying underneath the gate. The minority
carriers are swept laterally to the substrate as the substrate is at a lower potential, thus,
completing a path for the GIDL [5].

Va= Vop Vel

n+ ploy gate
Tunnel created
minority carrier

GIDL

n+ drain

- p-substrate

Figure 1.4: Gate Induced Drain Leakage

1.3.6 TUNNELING INTO THE GATE OXIDE

There is an increase in the field across the oxide as the gate oxide thickness is reduced.
This high electric field along with low oxide thickness leads to tunnelling of electrons
from substrate to gate and also from gate to substrate through the gate oxide, giving rise
to gate oxide tunnelling current. The tunnelling mechanism between gate and substrate

can be mainly divided into two parts, namely: (1) Fowler—-Nordheim tunneling; and



(2) Direct tunnelling. Electrons tunnel through a triangular potential barrier in the case of
F-N tunnelling. On the other hand, electrons tunnel through a trapezoidal potential barrier

in the case of Direct tunnelling.

1.4 ADVANCED MOSFET STRUCTURES

SOI technology gives a good alternative to silicon CMOS processes which are reaching
their limit in terms of fabrication and device miniaturization. CMOS processes can be
scaled to ultimate limits by employing SOI technology. Silicon-on-insulator technology
offers many advantages over bulk silicon CMOS processing such as higher speed, lower
power dissipation, lower parasitic capacitance, improved short channel effect immunity,

high sub-threshold voltage swing etc.

1.4.1 SILICON ON INSULATOR MOSFETS

SOl MOSFETS can be categorized into Partially depleted and Fully depleted MOSFETs
based upon the state of the depletion layer [7].

1.4.1.1 PARTIALLY DEPLETED SOl MOSFET

In partially depleted state, silicon film thickness is large, so there is no interaction
between the depletion regions from the front and back ends. A piece of neutral silicon lies
beneath the front depletion region. If this body is left electrically floating, two parasitic
effects will come into picture, the first one is Kink effect or Floating Body effect, and
second on is the presence of parasitic open base NPN bipolar transistor between source
and drain. A Kink is seen in the output characteristics of an SOl MOSFET due to the kink
effect. Due to high drain to source voltage the electrons at the drain end create the

electron-hole pairs, due to impact ionization, and are collected in the floating body.

1412 FULLY DEPLETED SOI MOSFET

In fully depleted state, the silicon film thickness is small. Due to this the depletion regions
from front and back ends meet. There is electrostatic coupling between front and back
channels during device operation. Fully depleted devices are practically free of kink
effect [8].



142 DOUBLE GATE METAL-OXIDE-SEMICONDUCTOR FIELD EFFECT
TRANSISTOR

A double-gate-silicon-on-insulator DGSOI Structure consists, of a silicon slab
sandwiched between two oxide layers. Each oxide is contacted by a metal or a polysilicon
film. If an appropriate bias is applied an inversion region is formed at the Si-SiO,
interface at the front as well as back gate. Thus we would have two MOSFETSs sharing
the substrate, source, and drain [8]. The most notable feature of the DGFET is that it
controls short-channel effects by device geometry instead of doping as in the case of bulk
FET [10]. This feature provides DGFET the advantages such as 1) reduced 2D short
channel effects that allow for a shorter channel length compared to bulk FET; 2) a sharper
sub-threshold slope (60mV/dec compared to >80mV/dec for bulk FET) and 3) better
carrier transport due to decrease in channel doping . The most common mode of operation
of the DGFET is to switch the two gates simultaneously.

1.4.3 GROUND PLANE SOI MOSFET

A ground plane can be formed in the silicon substrate underneath the buried oxide (BOX)
in order to prevent the electric field lines from the drain from penetrating into the channel
region. The heavily doped electric field stop can be placed in the substrate either under
the channel region or underneath the boundary between channel and source/drain. This
field stop improves short channel effect immunity and sub-threshold slope [11].

1.4.4 FINFET

The FIinFET is a non-planar, double-gate transistor which is built on an SOI substrate.
The main distinguishing characteristic of the FINFET is that the conducting channel is
wrapped by a thin silicon "fin", which forms the body of the device. The effective channel
length of the device is determined by the thickness of the fin (measured in the direction

from source to drain) [7].

1.4.5 TRI-GATE TRANSISTOR

In these transistors there is a single gate stacked on top of two vertical gates. This allows
for three times the surface area for electrons to travel. Tri-gate transistors reduce leakage
and consume far less power than current transistors. The additional gate enables the
transistor to switch very quickly between the ON and OFF state [7].



1.5 TRANSISTOR MODELLING

The reliable operation of circuits employing transistors can be ensured by carefully
modelling the physical phenomena observed in their operation using transistor models.
There exists a wide range of models that vary in purpose and complexity. Transistor
models can be divided into two main categories: Models for device design and Models for

circuit design [2].

MODELS FOR DEVICE DESIGN

The design of devices entails an in depth understanding of how device manufacturing
processes such as impurity diffusion, ion implantation, oxidation, annealing, and etching
effect device behaviour. The various manufacturing steps are simulated by the process
models which provide a description of device geometry to the device simulator.
Geometry does not only refer to the geometrical features but also to the details inside the
structure such as the doping profiles after the completion of device processing. Once the
device simulator has enough information about what the device looks like, it models the
physical processes that take place in the device so as to determine its electrical behaviour
in a number of circumstances such as: DC current-voltage behaviour, transient behaviour

for both large signal as well as small signal, dependence on device layout.

MODELS FOR CIRCUIT DESIGN (COMPACT MODELS)

Almost all modern electronic design work employs transistor models. Spice which is an
analog circuit simulator uses models to predict the behaviour of a design. Most design
work is related to integrated circuit designs. The models for circuit design can be divided

into two categories: Large-signal nonlinear models and small signal linear models.

LARGE SIGNAL NON-LINEAR MODELS

Non-linear or large signal transistor models are mainly of three types:

e PHYSICAL MODELS

These models are based upon device physics and on the modelling of physical
phenomena that occur within a transistor. Parameters used by these models are based
upon physical properties such as substrate doping concentrations, oxide thicknesses,
carrier mobility etc. These models were used extensively in the past but they have now
proved to be inadequate for quantitative design due to the complexity of modern devices.



e EMPERICAL MODELS

These models do not directly model the device physics but are entirely based upon curve
fitting, using parameter values that best fit the measured data. The parameters in an
empirical model do not have any fundamental basis and will depend only on the fitting
procedure used to find them. The fitting procedure is the heart of these models and is the

key to their success.

e TABULAR MODELS

A tabular model is a form of look-up table that contains large number of values for
common device parameters such as device parasitic and drain current. The indexing of
these values is done in reference to their bias voltage combinations. The biggest
advantage of this model is decreased simulation time. A limitation of these models is that
they work well only for designs which use devices within the table and are not reliable for

devices outside the table.

e SMALL-SIGNAL LINEAR MODELS

Small-signal or linear models are used to evaluate gain, noise, stability and bandwidth. A
small-signal model can be generated by taking derivatives of the current-voltage curves
about a bias point or Q-point. A big advantage of small signal models over large signal
nonlinear models is that they can be solved directly, while large signal nonlinear models
are solved iteratively, with possible convergence issues. Another advantage is that linear

models are easier.

1.6 NEED FOR MODELLING

As we are heading towards higher CMOS technologies, gate oxide thicknesses are
becoming extremely thin leading to the dominance of direct tunnelling gate leakage
current. The thickness of SiO, layer presently used as gate dielectric is becoming so thin
(less than 2nm) that the gate leakage current due to direct tunnelling of electrons through
Si0, will be very high exceeding 1A/cm? at 1V. Thus, high-k dielectrics are being studied
extensively so as to replace SiO, as they allow for higher physical thicknesses. In order to
maintain a good interface between the gate oxide and channel and to prevent mobility
degradation, it is desirable to have a thin interfacial layer of SiO, between the bulk and
high-k dielectric. This calls for the introduction of high-k gate stacks and the modelling of
direct tunnelling gate leakage current in order to design these stacks.



In this thesis work, an analytical model has been developed for the determination of direct
tunnelling gate leakage current through high-k/SiO, gate stacks and the effect of various

parameters on the gate leakage current density has been analyzed.

1.7 THESIS ORGANIZATION

This thesis comprises of five chapters out of which the first chapter is introduction. A
brief description of work done by various researchers throughout the world has been
given in second chapter. The third chapter includes the basic concepts related to
tunnelling and the various models that have been proposed for the determination of direct
tunnelling gate leakage current through ultra-thin gate oxides. The fourth chapter includes
the proposed model that has been developed for the determination of direct tunnelling
gate leakage current through high-k/SiO, gate stacks. Finally, the fifth chapter gives the

conclusion and future scope.
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CHAPTER 2
LITERATURE SURVEY

¢ Kaushik Roy et al. , 2003 [5]
The continuous scaling of channel length, gate oxide thickness, and threshold voltage in
the deep-submicrometer regime leads to high leakage current which is becoming a serious
concern because of the high power dissipation it leads to. Consequently, it is necessary to
identify different leakage components and to carefully model them so as to reduce the
leakage power. This paper reviews the different transistor intrinsic leakage mechanisms,
including sub-threshold leakage, drain-induced barrier lowering, punchthrough, gate-
induced drain leakage, hot carrier injection into the oxide, and gate oxide tunnelling. The
paper also discusses channel engineering techniques including halo doping and retrograde
doping as a means to ameliorate the short-channel effects for continuous scaling down of
CMOS devices. Finally, the paper explains various circuit-level techniques to reduce
leakage power.

¢ Vishwas Jaju, 2004 [8] , Anurag Chaudhry et al. , 2004 [12]
These papers explain the issues related to silicon-on-insulator technology. SOI
technology gives a good alternative to bulk CMOS processes which are reaching their
limits in terms of device miniaturization and fabrication. Different types of SOI
MOSFETSs have been presented and the related physical concepts have been evaluated.
The advantages of SOl MOSFETSs have been discussed with the stress on Double Gate
MOSFETSs. The technological challenges in realizing this new device structure have also
been presented. Double Gate MOSFETS provide excellent short channel effect immunity
and exhibit a near ideal sub-threshold slope which make them the ultimate scalable device
structure. Different structures such as Thin Body FD SOI with raised source and drain,
Halo Doped SOl MOSFET, Ground Plane FDSOI MOSFET, Multiple Gate SOI
MOSFET have also been discussed.

¢ Shunpei Abe et al. , 2009 [13]
The root cause of short channel effects in SOl MOSFETs is Drain-Induced barrier
lowering at SOI/buried oxide interface. This paper highlights the role of the thickness and
permittivity of the buried oxide layer. It analyzes the effect of varying the BOX thickness
and permittivity by performing numerical device simulations of SOl MOSFETSs and also

11



by visualizing the distribution of current flow lines, dielectric flux lines and contour
potential lines in MOSFETSs. It is demonstrated that smaller values of BOX thickness and
permittivity are effective in suppressing DIBL in deca-nano SOl MOSFETSs.

FZ Rahou, A.Guen-Bouazza and M.Rahou, 2013 [14]

In this paper the electrical characteristics of fully-depleted and partially depleted SOI
MOSFET devices have been investigated and compared. The comparisons are focussed
on four important electrical characteristics namely threshold voltage, subthreshold
voltage, leakage current and kink effect. The device structures are constructed and the
characteristics are observed using Silvaco-Atlas. The Results obtained show that the
electrical characteristics of fully-depleted SOI devices are better than that of partially
depleted SOI devices. In this paper it is concluded that FDSOlI MOSFET has lower
leakage current than PD SOI n-MOSFET. The main drawback in PDSOI n-MOSFET is
kink effect which is eliminated in FDSOI n-MOSFET.

Tetsu Tanaka et al., 1991 [15]

This paper presents the fabrication and analysis of planar double-gate thin—film SOI
MOSFETs. Wafer bonding has been used to fabricate planar p* poly Silicon Double-gate
thin-film SOI nMOSFETSs. The paper confirms that the conduction in double-gate SOI
MOSFET stems from a fully flat potential as well as charge injection. Finally, the paper
proposes an analytical model that displays electrical characteristics that agree well the
characteristics of fabricated devices.

Vinay Kumar Yadav, Ashwani K.Rana, 2012 [9]

This paper studies the impact of channel engineering on double gate MOSFET by using
different channel doping. It is observed in the results that it is possible to adjust the
threshold voltage by changing the channel doping. The impact of channel engineering is
also observed on performance parameters of the DG-MOSFET such as on current, off
current, drain induced barrier lowering, sub-threshold slope and carrier mobility. Thus, an
optimized value of the channel doping is desired to be projected for future reference in
context of leakage power. The paper concludes that as we scale down the devices,
threshold voltage of the device decreases, so to adjust the threshold voltage and other
short channel effects within the permissible limits channel engineering can be done. But
the channel doping cannot be increased beyond a certain limit because some parameters

like subthreshold swing and drain induced barrier lowering, both are opposite in nature. If
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channel doping is increased, one parameter gets improved while the other gets worse. So,
there is a need to optimize their value at particular doping level.

K.F Schuegraf et al., 1992 [16]

For thinner oxide films, FN tunnelling is not adequate to accurately model the oxide
leakage currents. In this paper, modifications have been made to the expression for FN
tunnelling to obtain a closed form expression for direct tunnelling. This expression has
been derived using WKB and other approximations. The conduction characteristics for
insulator layers thinner than 6nm can be modelled accurately using this expression. The
paper also takes into consideration the effect of polysilicon depletion. It is concluded that
the practical limit for SiO, scaling is 4nm.

Wen-Chin Lee et al., 2001 [17]

In this paper, a semi-empirical model has been proposed in order to quantify the gate
tunnelling currents through ultrathin oxides. The simple analytical model is not absolutely
accurate and leads to inaccuracies as it includes a number of approximations. A correction
function is introduced as a multiplier to this simple model to achieve applicability to a
variety of experimental conditions including electron/hole injection from inversion and
accumulation layers and different bias polarities. This new model can predict all the
current components: electron tunnelling from valence band (EVB), electron tunnelling
from conduction band (ECB) and hole tunnelling from valence band (HVB) taking into
account polysilicon gate depletion and quantization effects. In addition, this model can
also be employed for the determination of physical oxide thickness from I-V data. This
model is highly sensitive in ultra-thin oxide regime, where due to the presence of large
tunnelling currents C-V extraction happens to be impossible.

Yee Chia Yeo et al., 2000 [18]

This paper presents a semi-empirical model for the determination of direct-tunnelling
leakage current in N-type and P-type MOSFETs with ultrathin Si;N, as the gate
dielectric. The SizN4has been formed by jet-vapour deposition (JVD) technique.
Important material parameters such as electron/hole tunnelling effective masses and
barrier potentials have been extracted from the measured data. The model is also used to
predict the scaling limits of JVD Si;N, gate dielectric based on supply voltages for a
number of technology nodes. The paper projects that the thickness of JVD SizN, can be
scaled down to 1.13nm and 0.65nm for low-power and high-performance applications

respectively before the tunnelling current exceeds the maximum tolerable limit. Important
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differences between the parameters of SizN, and SiO, have been highlighted .The most
important difference is that the scaling limit for JVD SizN, will be reached first for
PMOSFET, contrary to what has been observed for SiO,.

Yee-Chia Yeo et al., 2003 [19]

In this paper, the scaling limits of alternative gate dielectrics have been explored based on
their direct-tunnelling characteristics. Material parameters such as tunnelling effective
mass have been extracted from the tunnelling characteristics of promising high-k
dielectrics. A figure-of-merit has been introduced in order to compare the relative
advantages of various high-k dielectrics. The paper also proposes a method for predicting
the scaling limits of different gate dielectric candidates. Finally, the paper provides
guidelines for the selection of gate dielectrics in order to satisfy the off-state leakage
current requirements that have been projected for future low power and high-performance
technologies. The paper suggests that Si;N, or SiOxN,, will be the suitable candidates for
high-performance and low-power applications through 2016.

J.Robertson , 2004 [20]

The scaling of CMOS transistors has led to the silicon dioxide dielectric layer becoming
very thin (1.4nm) which in turn has led to extremely large leakage current. It is necessary
to replace the silicon dioxide dielectric with a physically thicker layer of ‘high-k’ gate
oxide. This paper basically covers the choice of oxides, their electronic structure, their
structural and metallurgical behaviour, their bonding, atomic diffusion, their deposition,
interface structure, band offsets, flat band voltage shifts, mobility degradation, and
electronic defects. The six main conditions that the new oxides must satisfy in order to be
accepted as gate dielectrics are: a high enough k value, relatively high band offset, good
interface quality with Si, Kinetic stability, thermal stability, and low bulk defect density.
There is a need to optimise the oxides further in order to achieve high performance
devices. For this the flat band voltage must be improved and the defect densities must be
lowered. The root cause of flat band voltage shift is the interface defects. The main
defects in the oxides are interstitials and oxygen vacancies. The oxygen vacancies pose a
huge problem as they lead to defect levels near the Silicon conduction band. The paper
concludes that HfO, and Hf silicate are the most suitable candidates for replacing silicon

dioxide.
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¢ Mohan V. Dunga et al., 2003 [21]
This paper presents a physical model for gate tunnelling current through multi-layer gate
dielectrics. The model extends over a wide range of voltages covering direct tunnelling as
well as Fowler Nordheim tunnelling regimes. This model shows that the introduction of
High-k dielectric into the gate may lead to a poor performance at certain operating
conditions. The paper studies the trade-off between barrier height and dielectric constant.
It is a necessary requirement for future high-k dielectrics to have a relatively high barrier
height in order to retain their efficacy. It is shown that tunnelling from the gate material is
smaller as compared to tunnelling from the substrate. With increase in the dielectric
constant, this difference will also increase and restrictions on leakage will arise due to
tunnelling from the substrate side.

¢ Thomas Kauerauf et al., 2005 [23]
The main aim of this paper is to identify the combination of stack architecture and high-k
dielectric material with the lowest leakage current. In the first part of the work, the
leakage current through high-k/ SiO, stacks with various equivalent oxide thicknesses,
materials and gate electrodes is calculated assuming tunnelling only. The paper discusses
the difference between gate injection and substrate injection and shows the impact of
interfacial layer thickness, k-value, barrier height, and work function of the gate material
on the tunnelling current. In the second part, the universal relation between barrier height
and k-value is considered, and the material which best suits all the requirements is
introduced. The leakage current is calculated for different values of EOTs and it is
demonstrated that if all the dielectrics follow this universal relation, for a given thickness
there exists one material, which gives a minimum value of gate leakage current. Finally,
the paper concludes that even for devices with EOTSs less than 1nm, the k-value must not
exceed 25 and HfO, or ZrO, are the most suitable candidates if only the leakage current
issues are considered.

¢ Ghader Darbandy et al., 2011 [22]
This paper presents an analytical model for modelling of direct tunnelling leakage
currents through gate stacks with SiO, as an interfacial layer. This model is based on the
modified WKB tunnelling probability approximation. The simple analytical model is not
absolutely accurate and leads to inaccuracies as it includes a number of approximations.
A correction function is introduced as a multiplier to this simple model to achieve

applicability to a variety of experimental conditions. This new model can predict all the
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current components: electron tunnelling from valence band (EVB), electron tunnelling
from conduction band (ECB) and hole tunnelling from valence band (HVB) taking into
account polysilicon gate depletion and quantization effects. The paper provides guidelines
for the determination of a suitable high-k candidate in the case of high-k/ SiO, gate stack.
Using the proposed model, the most promising high-k materials are predicted for different
conditions, taking into consideration the effects of electron effective mass, equivalent
oxide thickness, value of permittivity of high-k dielectric material, barrier height and
thickness of interfacial layer. The paper predicts that materials such as Hfo,, La,05 and

Pr,05; would successfully fulfil the considered requirements.
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CHAPTER 3
BASIC CONCEPTS OF TUNNELLING

3.1 GATE OXIDE TUNNELING PHENOMENON

As MOSFETSs are being scaled down to the nanoscale regime, it becomes necessary to
consider guantum mechanical effects in the design and modelling of MOSFETS. In
present day CMOS technology, the thickness of gate oxide of a MOSFET is less than 1.5
nm, and the channel doping is as high as 10'® cm™3. For MOSFETSs with ultrathin oxides
and heavily doped channels, the electric field in the oxide can reach very high values of
MV/cm. This ultrathin oxide layer decreases the width of the barrier that separates the
gate from the channel, thus making the injection of electrons/holes easier. This direct
tunnelling gate current could be the major source of leakage in the device, leading to
faulty operation of circuits and an increase in standby power consumption in the
MOSFET. In MOSFETSs with ultra thin oxides, the gate voltage applied plays a big role in
the type of leakage current. Larger the value of the applied gate voltage, larger the electric
field generated in the substrate will be. As a result, more energy will be given to the
carriers present in the substrate, thus increasing the probability of tunnelling. Depending
on the magnitude of gate voltage there can be two types of tunnelling. One is the Fowler

Nordheim (FN) tunnelling, and the second is Direct tunnelling.

3.1.1 FN TUNNELING IN A MOSFET

At lower gate voltages, FN tunnelling takes place in which electrons tunnel from the
conduction band of Silicon substrate to the conduction band of polysilicon gate through
the conduction band of Si0,.In this case, the oxide conduction band is triangular in nature
as shown in Figure 3.1. FN tunnelling is valid for V,,, > ¢, where V,, is the voltage drop

across the oxide and ¢, is the Si/SiO, barrier height [5].
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Figure 3.1: FN Tunnelling in a MOSFET

3.1.2 DIRECT TUNNELLING IN A MOSFET

In the case of ultrathin oxide MOSFET, the electric field across the ultrathin gate oxide is

so high that direct tunnelling of electrons takes place which is impossible to explain using

classical physics. This tunnelling is more pronounced in thin oxides, e.g. 4 nm or less.

The electrons tunnel directly to the gate through the forbidden energy gap of the oxide. In

this case, the oxide conduction band is trapezoidal in nature as shown in Figure 3.2.

Direct tunnelling is valid forV,, < ¢,. It can be modelled only by using quantum

mechanical theory. In the gate oxide, the net current is the summation of the FN

tunnelling and the direct tunnelling. Usually, the FN current is very small and can be

neglected. So the net current contribution is from direct tunnelling only [5].

Tunnelled electron/hole

il

-

Conduction Band

Valence Band

Poly gate

Oxide

- Conduction Band

Valence Band

Sisubstrate

Figure 3.2: Direct Tunnelling in a MOSFET
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e MECHANISMS OF DIRECT TUNNELLING

In MOS devices, there are three major mechanisms for direct tunnelling namely: electron
tunnelling from conduction band (ECB), electron tunnelling from valence band (EVB),
and hole tunnelling from valance band (HVB). In NMOS, the gate to channel tunnelling
current is controlled by ECB in inversion, whereas gate-to-body tunnelling is controlled
by EVB in depletion-inversion and ECB in accumulation. In PMOS, the gate to Channel
tunnelling current is controlled by HVB in inversion, whereas gate-to-body leakage is

controlled by EVB in depletion-inversion and ECB in accumulation [25].

e COMPONENTS OF DIRECT TUNNELLING

The five major components of direct tunnelling are gate to inverted channel current, part
of which goes to the source and the rest goes to the drain; parasitic leakage current
through gate—to-S/D extension overlap region and the gate to the substrate leakage

current.
Igso . lgae
Vﬂ"”‘“\w
r'd e T |
Oe e
Igp
Iges 71 Igca
)

Figure 3.3: Components of Direct Tunnelling [5]

3.2 IMPACT OF GATE OXIDE TUNNELLING

According to the tunnelling theory, the magnitude of tunnelling probability is determined
by the width of the potential barrier. In MOSFETS, the gate dielectric acts as the potential
barrier separating the carriers in the channel from the gate. When the gate dielectric layer
is thick, the carriers are unable to penetrate the potential barrier and extend to the gate.
However, when the gate dielectric layer is thin, direct tunnelling will be increased
exponentially, leading to significant power dissipation and deterioration in device
performance. The gate oxide leakage can subsequently lead to circuit failures as the
designs assume that there is no significant gate current. The reduction in the channel

current due to the gate oxide leakage results in low drain currents and hence the circuit
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operation at low power is hampered drastically. The direct tunnelling in the gate oxide is
more harmful in MOSFETs in the deep submicron and nanometer regime since the
density of inversion charge is reduced due to the quantization of energy bands at the
Si/Si0, interface.

3.3 EXISTING MODELS FOR DETERMINATION OF DIRECT TUNNELING
CURRENT THROUGH ULTRATHIN GATE OXIDES

3.3.1 SIMPLE MODEL

The expression for FN tunnelling current density is given as [16]:

B

J = AE3, eFox (1)
3
_ 8my2myy 5
Where, B = “hg b,

The expression for direct tunnelling current density can be obtained by multiplying the

3
¢p—Vox\2

1 B( b¢b )
FN expression by the factor: ——————e  Fox

]

Therefore, the direct tunnelling current density can be expressed as:

)

N w

B

J._A (]‘f—B) (ZV‘:;j - 1)on2exp553<— EB [1 - (1 - ‘;)
Where
A= (¢*/8hep) ;

3

z
B = (wzm—f;’"%) :
Eox = Vox/tox ;
tox: OXxide thickness;
m,, : Effective mass in the oxide;
The above expression incorporates a number of approximations that lead to inaccuracies.
The finite density of electrons or energy states in the semiconductor needs to be taken
into account. The effective mass has been assumed to be constant for all energies (all
locations at any gate bias and oxide thickness) which also leads to inaccuracy. Also, there

must be a consideration of the quantization effects that arise in the semiconductor due to
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small oxide thicknesses in order to obtain the oxide potentials as a function of the gate
voltage. Because of these reasons, Schuegraf’s model is unable to fit the tunnelling
current for the entire range of gate voltage. There is a need of a correction function to
overcome the above mentioned second-order effects.

3.3.2 IMPROVED MODEL

This model can be expressed as [17]:

3
@ e 8\[2m oy 2 Vor \2
]n 8nh¢>32 C(Vq» oxr Lox» ¢B)exp< ----- 3qh|on|B ll - (1 - ¢_B)Zl> (3)
C(V;, Vox» tox, $) has been obtained by replacing &,, (5’—) (Zvﬂ — 1)EZ, term in

equation (2).

It has been developed by empirical fitting and is given as:

C(V; Vox» tox, dp) = exp [% (—(|VOX|_¢B) + 1)a (1 — M)] * (V—g) * N 4)

dBo B tox

where

a: Fitting parameter which depends on the tunnelling process

¢po: SilSi0, barrier height (e.g. 3.1eV for electron and 4.5eV for hole).

¢p: Actual tunnelling barrier height (e.g. 3.1eV for ECB, 4.2¢eV for EVB, and 4.5eV for
HVB with silicon electrode).

Most of the secondary effects which were neglected in Scheugraf’s derivation are covered

in the exponential term of the correction function. The V, term in the correction function
forces the tunnelling current to be zero when the gate voltage i.e. V; is zero. Best fit is

provided by a's of 0.6,1 and 0.4 for ECB, EVB and HVB, respectively.

I. N for ECB and HVB

N represents the carrier density in the inversion and accumulation layer of the injecting
electrode. Both for ECB as well as HVB tunnelling, N in inversion and accumulation

regimes is given as:

N = i‘”‘ {nmv V..ln [1 + exp (( — )] + Ngee Vi In ll + exp [ (ﬂ)]l} (5)

Niny Ve Nace Ve
where
Ny and ng.. : represent swing parameters

V.1, threshold voltage
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Vrp: flatband voltage

V,: thermal voltage

V,: effective gate voltage (V;, — Vy,yy )

The default values of n;,, and ng, :

Ny s SIV;

S: subthreshold swing and is given as follows [3]
S$=2.3*m*V,

3tox

m=1+

dm

Ngee: 1

Il. N for EVB

For EVB tunnelling process N can be given as:

N = iﬂ {nEVBVt' In [1 +exp (M) ]}

ox ngyp Vi

where

¢4 E4/q by default and ngy; is a fitting parameter with a default value of 3.

lI. Value of .

(6)

It is possible to derive V,. by solving the poisson equation in the polysilicon gate under

depletion approximation. It is given as [26]:

siNpo gx ZL%XV_V ~—Pso
Vge=VFB+¢so+”’gg+’”<J1+ e

2
q&siNpoly tox

ox
where

Vrp: Flatband voltage

&, and ¢,, : Dielectric constants of Si and SiO, respectively

Npoly

bso: 2¢¢ (¢ is Fermi potential)

: Polysilicon gate doping concentration

IV. Value of V,,

Voxz‘{ge_VFB_qbs

2
Y 4(Vg—Vge —Vrp)
¢s _ l5<_1 + \/1 + %)]

_ J2€5iqNsyp

CDX

(7)

(8)

(9)

(10)
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where
¢, : Surface band bending of substrate
Ng,;, : Channel doping concentration

y: Body-effect parameter

3.4 HIGH-k OXIDES

The scaling of CMOS transistors has led to the silicon dioxide dielectric layer becoming
very thin (1.4nm) which in turn has led to extremely large leakage current. It is necessary
to replace the silicon dioxide dielectric with a physically thicker layer of ‘high-k’ gate
oxide [20].

There are six main requirements which the new oxide must fulfil:

1. It must have a high value of k.

2. The oxide must be thermodynamically stable with the Silicon channel beneath it.

3. It must be kinetically stable.

4. Its band offsets with silicon must be greater than 1eV in order to reduce carrier
injection into its bands.

5. It must have a few electrically active defects.

6. It must form a good electrical interface with silicon.

3.4.1 kK-VALUE

The first requirement that the oxide must fulfil is that its k value must be greater than 10;
preferably 25-30. There has to be a trade off between the value of k and the band offset
condition. Table 3.1 shows that there is an inverse relationship between the k value and

band gap of candidate oxides.
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Table 3.1: Dielectric constant, Experimental band gap and conduction band offset on

Silicon of the candidate gate dielectrics.

Oxide k Gap (eV) CB offset (eV)
Si 1.1
Sio, 3.9 9 3.2
Si3N, 7 5.3 2.4
Al,04 9 8.8 2.8
Ta203 22 4.4 0.35
Tio, 80 35 0
SrTiO; 2000 3.2 0
Zr0, 25 5.8 1.5
Hf O, 25 5.8 1.4
La203 3 6 2.3
Y,0; 15 6 2.3
10 —
SiO,
9 E, T o Ec
% 8 m AlOs B -
=g SiGate | Si Substrate
% 7 SigN, - Si0,
o
2 6
@
(1]
5
4 TiO2
3 ] A A A
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Dielectric Constant

Figure 3.4: Bandgap versus dielectric constant for insulators [20]
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3.4.2 BAND OFFSET

The potential barrier at each band of the high-k oxide must be greater than 1 eV in order
to prevent the injection of carriers into the bands. The band gap of SiO, is 9 eV, so it has
high barriers for both electrons and holes. However, if the oxide has a narrow band gap
like SrTiO; which is 3.3eV, then its bands must be aligned with those of Silicon for both
the barriers to be greater than 1eV. The conduction band offset is usually smaller than the
valence band offset. The various oxides which satisfy this requirement
are Al,05,HfO,, ZrO, , La, 03, Y,05 etc.

3.4.3 NEED OF GATE-STACK

In order to maintain a good interface between the gate oxide and the channel and to
prevent mobility degradation, there must be a thin interfacial layer of SiO, between the
bulk and the high-k dielectric. Hence, there is a need for the introduction of gate stacks
[21].

3.4.4 THE INTERFACIAL LAYER

The series capacitance formula for an overall EOT for a layer 1 of silicon dioxide and

layer 2 of high-k oxide is given by [20]:
1 1 1

cC~ ¢ G

Therefore, EOT = tg;9, + EOTy;,

The SiO, layer is introduced because it improves the quality of the interface between
Silicon and the oxide. The interface between Silicon and SiO, is of high quality and is
well understood. It can be made with a low defect concentration and it is possible to
passivate the defects by gas annealing. The presence of a SiO, layer also separates the Si
channel from the high-k oxide, which can help to stop the reduction in mobility of carriers
that the high-k oxides can lead to. Excessive amounts of trapped charges are present in

high-k oxides. Mobility degradation is caused due to scattering by these trapped charges.
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CHAPTER 4
MODELLING OF DIRECT TUNNELLING GATE
LEAKAGE CURENT THROUGH TWO-LAYER GATE
STACKS

4.1 DOUBLE GATE MOSFET STRUCTURE

The double gate MOSFET under analysis is shown in Figure 4.1.1t consists of two thin

interfacial layers of SiO, and two thick high-k layers [22].

Figure 4.1: Double gate MOSFET structure under analysis

4.2 POTENTIAL PROFILE

The Potential profile which will be analyzed in the analytical model is shown in Figure
4.2. ¢gq is the Si/SiO, barrier height for the carriers and ¢g, is the Si/high-k barrier
height for the carriers. Direct tunnelling takes place through the entire stack only if the

oxide voltage is lower than ¢y, as well as ¢y, [22].
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Figure 4.2: Potential profile under analysis

4.3 TUNNELLING PROBABILITY

The tunnelling current models are based on Wentzel-Kramers-Brillouin (WKB)
approximation which is used to calculate the tunnelling probability of a carrier through an
arbitrary barrier shape [21][24].

Tunneling probability (T) is given as:

T = Trans * exp{—a.t, . ) 1)
where

toxe - Effective oxide thickness

Trans: transmission factor

« : loss factor and is given as:

*= ;_htv_(;l VZmiq¢gi” = ($m1 — fVa) 2] + %W |($52 - )7 —
(652 — Vor)¥?]) 0

So, the tunnelling probability for the two layer gate stack, assuming direct tunnelling

through the entire stack is given by:
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3 3
8 3
T = exp (— 3h22212 kidy +  kodi2miq (g, — (51 — fvox)ZD

..... 8m

* €Xp (HS"_ 3N a:;l kidy + kody \/2maq| (P52 — fVox)3/* — (52 — Vox)3/2]) (3)

where

my: Effective mass of carriers in the interfacial layer
m,: Effective mass of carriers in the high-k layer
d; : Thickness of interfacial layer

d,: Thickness of high-k layer

¢p1. SI/Si0, barrier height

¢p,. Silhigh-k barrier height

4.4 SIMPLE MODEL

A simplified direct tunnelling model for SiO, as an interfacial layer and different high-k

materials for a two layer stack can be formulated as follows [22]:

_ 4 (m) (_2¢31_ )M
J= 8mhpr \Vox1/ \Vox1 1 dq

3
8mtox > 3
* exp <— 3hv2xk2 kid, + kydiy/2myq [fﬁél —(¢p1 — fVox)ZD

( ..... 8mtox

- ———kydy + kody \/2maq (P2 — [Vox)** = (P52 — Vox)3/2]) (4)

3hvoxkq

where V., is the voltage across the interfacial layer.
The applied gate voltage will drop over the interfacial layer as well as the high-k layer.
The distribution of voltage depends on the physical thickness and the k-values.

The voltage across the i dielectric is given by [4]:

Voxi = L d; Vox (5)

The above expression incorporates a number of approximations that lead to inaccuracies.
The finite density of electrons or energy states in the semiconductor needs to be taken
into account. The effective mass has been assumed to be constant for all energies (all
locations at any gate bias and oxide thickness) which also leads to inaccuracy. Also, there
must be a consideration of the quantization effects that arise in the semiconductor due to

small oxide thicknesses in order to obtain the oxide potentials as a function of the gate
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voltage. Because of these reasons, Schuegraf’s model is unable to fit the tunnelling
current for the entire range of gate voltage. There is a need of a correction function to
overcome the above mentioned second-order effects. This calls for the introduction of a

new improved analytical model.

4.5 IMPROVED MODEL

The improved model can be formulated as:

5 ¢ 8
J= an¢31§ *exp< 3,1”221 kidy + kpdiy2miq l¢31 (P51 = fVox)? D

« exp (B 552 kyd + kady 224 [($52 = FYo)¥? = (052 = Ver)*?])  (6)
where
&€1: Si0, Permittivity

23

C is correction function and has been obtained by replacing &; (d’B) (V

Vox 1
-1) o term
in equation (4).

It has been developed by empirical fitting and is given as:

€ = exp [ 2 (Mertiotmn 4 1) (1 - Lexth)] 2y ™

where
a: Fitting parameter which depends on the tunnelling process
¢,: Si/Si0, barrier height (e.g. 3.1eV for electron and 4.5eV for Hole).

N: Density of carriers in inversion and accumulation layer of the injecting electrode.

e Value of I,

It is possible to derive V,. by solving the poisson equation in the polysilicon gate under

depletion approximation. It is given as:

22 B2 gs—Vrp—¢s)
q€siNpoly \/1 hi g 1

aesiNpoly

vge = Ve + ¢s + (8)

B2CH;
where
dpi
'B ~ i }‘lilsioz (9)
_+_
€hi €sio2
E
C hi 10
/dm (10)
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eValue of IV,

V.. is given as

Vox = Vge - VFB - ¢s (ll)
2

o= [p(-1+ [r4 0= (12)

y = —VZESCI'Z’:VM’ (13)

where

¢, : Surface band bending of substrate
N, : Channel doping concentration

y: Body-effect parameter

4.6 REPLACEMENT OF POLYSILICON GATE BY METAL GATE

As we replace poly-silicon gate with metal gate there is an increase in tunnelling current
density. The reason for this is the increase in voltage across the oxide due to absence of
poly-silicon depletion in the case of metal gate. Despite of this increase in tunnelling
current density, there still exists a need to use metal gates. This is due to the presence of
interface states between the top metal gate and the high-k film (especially binary oxides
like HfO,,).In the case of HfO,, excess Si bonded to Hf can potentially create a deep

level as shown in Figure 4.3.

98909
Poly Si W f—f—f

Interface

HfO,

Figure 4.3: Interface states in HfO, /Si system
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A high quality interface requires less than 1% of the bonds to be incorrectly bonded.
Because of this very difficult requirement at the top interface, focus has been shifted to
metal top gates with high-k.

Using metal gate the equation of V,,, will be modified as follows:

Vox = Vg = Vip — &b (14)
b, = [g(—1+ /1+‘“‘V—V;’B))]2 (15)
Vep = du — s (16)

In the case of metal gate, V,, and ¢y are obtained by replacing V. in equation 11-12 by

V, since there is no polysilicon depletion.
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CHAPTER 5

RESULTS AND DISCUSSION

In this thesis work,

e The Improved model for the determination of direct tunnelling gate leakage current

through ultra-thin gate-oxides has been tested for a 10um N*Poly-Si-gated NMOS

using SiO, of thickness = 2.48nm.

e The Improved model for the determination of direct tunnelling gate leakage current
through high-k/SiO, gate stacks has been tested for a 10um N*Poly-Si-gated NMOS
using a Al,05/Si0, gate stack of EOT =2.5nm.

e The Improved model for the determination of direct tunnelling gate leakage current

through high-k/ SiO, gate stacks has been tested for a 10um Aluminium- gated NMOS
using a Al,03/Si0, gate stack of EOT =2.5nm.

RESULTS FOR MODELLING OF DIRECT TUNNELLING GATE L EAKAGE

CURRENT THROUGH ULTRATHIN OXIDES

The improved model presented in chapter 3 has been tested for a 10um N *Poly-Si—gated
NMOS having the parameters shown in Table 5.1.

Table 5.1: Parameters values for 10um N *Poly-Si—-gated NMOS

S.No Parameter Value
1. | Channel doping concentration | 4.7e17 cm™3
2. Gate doping concentration 9e19 cm™3
3. Oxide thickness 2.48 nm

32



Table 5.2: Model Parameters for ECB tunnelling process

S.No Parameter Value
1. m,, 0.4m,
2. o) 3.1eV
3. (.bbo 3.1leV
4, A 0.6
5. Niny SV,
6' nacc 1

e ], versus V, characteristics
The parameters used in the model for the calculation of ], versus V, characteristics are
shown in Table 5.2.
Figure 5.1 shows the calculated as well as measured J, versus V, characteristics in the

inversion region. It can be seen that there is an excellent agreement between the calculated
results as well as the experimental results [17].
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Figure 5.1: Measured (symbols) and calculated (lines) J,versus V, characteristics

e Impact of variation of oxide thickness on Tunnelling current density

Figure 5.2 shows the J,versus V, characteristics for various values of oxide thicknesses.
Figure 5.3 shows the variation of tunnelling current density with oxide thickness at V,=2V. It
can be seen that as the value of oxide thickness increases, the tunnelling current density

decreases.
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Figure 5.2: ], versus V, characteristics for various oxide thicknesses
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Figure 5.3: ], Versus t, characteristics at V,=2 V

The decrease in tunnelling current density with increase in the gate-oxide thickness is
attributed to the increase in the thickness of the barrier that separates the gate from the
channel.

¢ Impact of variation of k-value of gate oxide on Tunnelling current density

High-k dielectrics allow for higher physical thicknesses as compared to Si0, and thereby
reduce the gate oxide tunnelling. Figure 5.4 shows the J,versus V, characteristics for

different k-values. Figure 5.5 shows the variation of tunnelling current density with k-
value at V,=2V. It can be seen that as the value of k increases, the tunnelling current
density decreases.
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Figure 5.5], versus k characteristics at V,=2 V

The decrease in tunnelling current density with increase in the value of k is attributed to
the higher physical thicknesses allowed by high-k dielectrics.
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RESULTS FOR MODELLING OF DIRECT TUNNELLING GATE LEAKAGE

CURRENT THROUGH HIGH-k/Si0, GATE STACKS

The improved model presented in chapter 4 has been tested for a 10um N *Poly-Si—gated
NMOS having the parameters shown in Table 5.3

Table 5.3: Parameter values for 10um N *Poly-Si—-gated NMOS

S.No Parameter Value
1. | Channel doping concentration | 4.7e19¢m ™3
2. Gate doping concentration 9e19cm 3
3. EOT 2.5 nm
4. Interfacial oxide thickness 0.1 nm

Table 5.4: Model parameters for ECB tunnelling process

S.No Parameter Value
1. my 0.5m,
2. m, 0.5m,
3. Dp1 3.1eV
4. Do 2.8eV
5. o 0.13

e ], versus Vg characteristics for Al,03/Si0, gate stack

The parameters used in the model for the calculation of ], versus V, characteristics are

shown in Table 5.4.

Figure 5.6 shows the calculated as well as simulated ], versus V, characteristics in the
inversion region. It can be seen that the simulated results match fairly with the calculated

results.
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Figure 5.6: Current versus V; characteristics

¢ Impact of variation of interfacial oxide thickness on Tunnelling current density
Figure 5.7 shows the variation of tunnelling current density with the thickness of the
interfacial layer at V, = 1V and a fixed EOT of 2.5nm. It can be seen that as the

interfacial layer thickness decreases, the tunnelling current density decreases. Thus, while
designing a high-k gate stack from leakage point of view, the interfacial layer must be

kept as thin as possible.
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L
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Interfacial SiO2 in nm (For EOT=2.5 nm)

Figure 5.7:], versus Interfacial SiO, thickness at V,=1V

e Impact of variation of capping layer thickness on Tunnelling current density
One method to improve the stability of high-k gate stacks especially while using poly-Si
gates is the introduction of a capping layer of SiO, or SiON. The capping layer is

introduced between the gate and the high-k dielectric to prevent any bonding to take place
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between the two layers as this can lead to the formation of defect sites which trap charges
and lead to scattering of carriers which in turn leads to mobility degradation. Figure 5.8

shows the variation of tunnelling current density with capping layer thickness at V, = 1V

and a fixed EOT of 2.5nm. It can be seen that as the thickness of the capping layer
increases, the tunnelling current density increases due to the decrease in thickness of the
high-k layer. Thus, while designing high-k gate stacks from leakage point of view the

thickness of capping layers should be kept as thin as possible.
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Figure 5.8:], versus capping layer thickness at V,=1V

RESULTS FOR MODELLING OF DIRECT TUNNELLING GATE L EAKAGE
CURRENT THROUGH HIGH-k/Si0, GATE STACKS USING METAL GATE

As discussed in chapter 4, there is a need to replace poly-silicon gate by metal gate.
Following are the results for the same:

e ], versus Vy Characteristics
Figure 5.9 shows the J,versus V, Characteristics in the inversion region with Aluminium

being used as the gate instead of poly-Silicon. The model parameters used for the
calculation of ], versus V, Characteristics have been taken from Table 5.4.
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Figure 5.9: ], versus V, characteristics for Aluminium Gate

e Impact of variation of Gate work function on Leakage

Figure 5.10 shows the variation of tunnelling current density with gate work function. It
can be seen that as the work function increases, the tunnelling current density decreases.
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Figure 5.10: ], versus y,, characteristics

COMPARISON OF TUNNELLING CURRENT DENSITIES

High-k dielectrics reduce the direct tunnelling gate leakage current as they allow for
higher physical thicknesses. An interfacial layer of SiO, is necessary to maintain a good
interface between the gate-oxide and channel and to prevent mobility degradation. High-k
gate stacks reduce the direct tunnelling gate leakage current by an appreciable amount.
Jgversus V, characteristics have been plotted for a 10 um N*Poly-Si-gated NMOS for
Si0, as the gate dielectric as well as for Al,05/Si0, gate stack as shown in Figure 5.7. It
can be seen that there is a decrease in the gate leakage current density by using Al,03/

Si0, gate stack by an order of magnitude of approximately 10,
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Figure 5.11: Comparison of tunnelling current densities
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE

As we are heading towards higher CMOS technologies, the study of Direct tunnelling

gate leakage current becomes more crucial.

¢ An analytical model for direct current gate leakage current through high-k/SiO, gate
stacks has been developed. The J,versus V, characteristics obtained from this model
have been compared with simulation results. A good agreement has been seen between
the calculated and simulated characteristics. This suggests that this model is accurate
and can work well when incorporated in any simulation tool.

e At a fixed value of EOT, as the interfacial oxide thickness increases, the tunnelling
current density increases .This increase in current density is due to the decrease in the
thickness of high-k layer with an increase in thickness of the interfacial layer. Thus,
while designing any high-k gate stack from a leakage point of view, the interfacial layer
thickness must be kept as thin as possible.

¢ At a fixed value of EOT, as the capping layer thickness increases, the tunnelling current
density increases. This increase in current density is due to the decrease in thickness of
high-k layer with an increase in thickness of capping layer. Thus, while designing any
high-k gate stack from a leakage point of view, the capping layer thickness must be kept
as thin as possible.

e It has be seen that there is a decrease in the gate leakage current density by using
Al,05/Si0, gate stack by an order of magnitude of approximately 10*.This suggests
that in order to minimize leakage, it is better to use high-k stacks rather than pure

dielectrics.

FUTURE SCOPE

In this work, a semi-empirical model has been presented for the determination of direct
tunnelling gate leakage current through single layer and two-layer gate stacks for
polysilicon gate as well as metal gate. It can be modified further to be used for metal
silicide gates. This model needs to be modified for tri-gate transistors, gate all around

transistors, FINFETs and other advanced structures where many other effects such as
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corner effect come into picture. Quantum corrections need to be incorporated in the

model in order to obtain more accurate results.
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