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CHAPTER

1

Introduction

1.1 . Overview of MOSFET

“A technological innovation is like a river- its growth and development
depending on its tributaries and on the conditions it encounters on its way. The
tributaries to an innovation are inventions, technologies and scientific discoveries, the
conditions are the vagaries of the market-place.” - Ernest Braun and Stuart Macdonald
(Schaller, 2004).

During World War 11, the researchers realized the importance of semiconductor
technology in the communication system. They also noticed the importance of silicon,
germanium materials in the device structure. Around the year 1940 Teal and Gordon
invented p-type and n-type semiconductors by applying impurities to the extrinsic
ones. Down the path, following the vacuum tube, diode, the bipolar transistor was
invented in 1947 (Fig. 1.1). After that silicon on insulator metal oxide semiconductor
field effect transistor (SOl MOSFET) was first demonstrated by Mohamed Atalla and
Dawon Kahng of Bell Labs in the year 1960 (Kahng, 1976). Today it has become the
most important device in the integrated circuit (IC) design (Neaman). The invention
of the microprocessor in the year 1971 was a milestone of this technology. Nowadays
all the automation industries depend on microprocessors and microcontrollers. After
inventing the complementary MOS technology the total electronic world started its
journey to the very large scale integration (VLSI) era. The total evaluation path
describes in Fig. 1.1.

MOSFET is a planner semiconductor structure with four contacts named source
(S), drain (D), gate (G) and body (B) or substrate as represented in Fig. 1.2. The doping
concentration of the source and drain regions are the same and that is opposite to the
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substrate region. Thus a depletion region is established between source, drain and

substrate junction. Source terminal serves as the source of carriers (holes or electrons).

Bipolar transistor One-transistor
194
(1947) MOSFET DRAM cell (1968) VLS era
(1960) '
I | | | | | |
| I I I I I I I
1940 1950 1970 1980 1990 2000 2010
CMOS
(1963)
IC (1958) Microprocessor
(1971)

FIGURE 1.1. A brief chronology of the development in VLSI (Ghosh, 2013)

The drain terminal collects the carriers flown from the source through the channel. The
gate terminal has total controllability over the channel formation and on the
performance of the MOSFET by application of the bias. Depending on the channel
formation, the MOSFET is of two types, (a) enhancement mode and (b) depletion
mode. In enhancement mode, the channel is formed electrically on account of applied
voltage at the gate terminal and in depletion mode, the channel is formed physically
by manufacturing a physical layer between the source and drain (Tsividis, 1987). In
the case of enhancement type MOSFET when the gate voltage reaches up to threshold
voltage, the minority carriers are accumulated below the oxide region. Thus forming a

conducting medium called a channel.

T

FIGURE 1.2. Cross-sectional view of a 4 terminals planar MOSFET (Tsividis, 1987)
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Chapter 1 | Introduction

This phenomenon is called inversion. Depending on the gate biasing, the channel
transfer from the weak inversion mode to strong inversion. Also, the concentration of
the minority carriers increases at the channel region during this period. Hereafter, on
the application of drain-source biasing, the minority carriers move and start
conducting, called drain current. Before reaching the threshold voltage channel is not
formed and the current does not conduct. At this time the MOSFET is in ‘OFF’ state
and the mode is called subthreshold. When the current starts to flow, at that time the
MOSFET is in ‘ON’ condition (Streetman & Banerjee, 2006). A cross-sectional view
of MOSFET has been represented in Fig. 1.2 with its four terminals. It has a p type
substrate with n type doped source and drain. Due to p-n junction, a depletion region
has been formed. On application of reverse bias voltage at the gate terminal, minority
carriers are accumulated below the oxide level and formed a channel like formation.
Through this channel drain current flows from drain to source on account of proper
source-drain bias.

In the present technology, the MOSFET is the chief factor of advancement
because of several advantages over others. Simple applications, planar structure easy
to fabricate, less power consumption, high packing density, immunity to short channel
effects (SCEs) and high switching speed are few among them. The high switching
capability from off to on state and the proficiency during the low voltage operation

make it a unique device.
1.2. Sketch on MOSFET- Scaling

In the year 1965, researcher and co-founder of Intel Corporation, Gordon Moore
stated in his research paper, “Cramming more components onto integrated circuits”
(Moore, 1998) that the number of transistors per chip would become double every year
and that trend will continue for at least next ten years. Later on, in 1975 he slightly
modified his statement and predicted that the component count per chip will be double
twice the year (Moore, 2006). The prediction is illustrated as graphical representations
in Fig. 1.3. It illustrated the number of components required for integrated function in
log form with respect to the year. The representation clearly shows that while it
required 1 or 2 components in 1960 it went up to 16 components in only 15 years.

Initially, this prediction was based on 50-60 component chips and thought that this will
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Chapter 1 | Introduction

continue up to 1980 (Faggin et al., 1996; Moore, 1975). But this trend line continues
till now in the semiconductor industry and it is so popular to gain the status of a
CGLAW”.

iy
o

- b ob wh = b
= NWwWwsaW

R L R L. D L L L B |

0

LOG, of the Number of Components
Per Integrated Function

OC=NWasdaUOMON®

T P P G e P e e e g g ge g g g g e

FIGURE 1.3. Moore’s original 1965 Graph (Dennard, 1974)

Recent trends in the semiconductor industry according to the law have been depicted
in Fig. 1.4. It shows the number of components required in the advanced
microprocessor and microcontroller technology starting from 1970 to now. Later Intel
executive David House modified the law a little bit. He foretold that the chip
performance would double every 18 months. In 1971, the first microprocessor on IC,
Intel’s 4004 was fabricated. The device has 16 pins and contained 2300 transistors
(Plummer, 2001; Faggin, 1996). Nowadays Intel launches a microprocessor that
contains nearly 2-billion components on a chip. Consequently, the component size
becomes smaller approximately in every alternative year so that they can be housed in
the small space. As per Moore’s law (Moore, 1975), the transistor dimension is
reduced by a factor of 0.7 in each technological generation (Plummer & Griffin, 2001).
Recent trends of the dimension of the channel length of transistors present in the device
over the year are illustrated in Fig. 1.5. The scaling of the components to smaller
dimensions generates several advantages such as improve packing density, low
standby power, low operating power, high performance and high speed, etc. As a
result, the cost per transistor is reduced, the device can perform a more complex

function and switching time is reduced. The scaling down process is represented in
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Chapter 1 | Introduction

Fig. 1.6. With due respect to the scaling effect, every geometrical dimension of the
device like channel length, width, oxide thickness, doping concentration of substrate
even applied voltage has been scaled down to a factor.

Moore’s Law

vy Brid
Gulftown Core 6 i e

9 ‘ o

10 Sandy Bridge

108 i . Corei7
= AMD K8 Core2 Quad
'5 : Colsez Duo

ore Duo
b1 107 AMDAthion Pentium M
— AMD K6 Pentium 4
- Pentium Il
g Pentium Il
Pentium Pro
6
§ 10 i486 . Pentium
= MC68020 i860
‘g 10° 80286 50356
b MC68000
c% 5 8086
= 10
8080
® 3008
103 4004
1970 1980 1990 2000 2010 2020

Year of introduction

FIGURE 1.4. Recent trends in semiconductor industry according to Moore’s
law (Wikipedia)

Minimum Feature Size
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FIGURE 1.5. Component size over the time period (Wikipedia)
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Original device Scaled device

Voltage V Oxide
Thickness t,;

V/a

Gate

Substrate doping N,/a

Substrate doping N,

FIGURE 1.6. Scaling down process (Buvaneswari, 2019)

For scaling down, several other structural parameters have to decrease to work
properly. There are two types of scaling process namely constant voltage scaling and
constant field scaling. Due to constant voltage scaling, the lateral dimensions such as
channel length, width are scaled down and it is a purely geometrical process. However,
several SCEs have been introduced for it. In the case of constant field scaling (Dennard
et al.,, 1974), the vertical dimensions such as source-drain junction depth, oxide
thickness, power supply voltage, etc. are scaled-down and this is not a geometrical
process. In the last 50 years, the channel length declines from a few hundred
micrometres to the sub 20 nm range. Effectively the device faces low threshold voltage

and high off current.

1.3. Limitations of Scaling Effects

The required device dimensions for high performance MOSFET over the years
are represented in Table 1.1 (Hoefflinger, 2011; Zeitzoff & Chung, 2005).
International technology roadmap for semiconductor (ITRS) report on 2003 conveyed
that the new advancement in the device technology requires at about 1 nm oxide
thickness range. Due to scaling down of the gate oxide thickness, it fails to perform as
an insulator and a huge amount of charged particles starts to move through the channel
region. It boosts the motion of the current across the channel. Frequently it goes up to
1A leakage current. This is sufficient to damage the device. Moreover, this current

cannot be measured with the drain current (Hoefflinger, 2011).
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Chapter 1 | Introduction

Below 1.2 nm oxide thickness the quantum mechanical tunneling effect increases,
accordingly a huge amount of gate leakage current flows through the gate region
(Frank et al., 2001; Gardufio et al., 2011; Orouji & Rahimian, 2012). Due to the excess
tunneling current, the gate oxide material SiO> breaks down. Resultantly power loss
and power dissipation increase and produces surplus heat of the device (Garduiio,
2011).

Table 1.1. Required dimensions for high performance over the year

S = S 53 ] S
= = 5 e | = |x|2 |289 _¢_| 3
s | 55| g S45g SE |58l 289525 -8
2 2= 3 = - o 29 - S g cs=8 a0l £t
& |28/ |6 |sgz2g Ee |0iESL585£E3 58
s £2| 8 | S5 Qg g2 =3 35/ 289 889 8E
o o g 2 L L5 =X Sy e8> =58 552 =8
° |28 2 55 2F 5% |298528fScg s
g | F £ 2 | & s 3 £|5 |E53028% 8
> a = g | 5<9 o S
» 7] w
Units nm A A A Alcm? vV Vv HA/Um
2003 45 13 8 21 220E+02 1.2 0.21 1 0.03 1
2004 | hp90 37 12 8 20 450E+02 12 0.2 1 0.05 1.3
2005 32 11 7 18 520E+02 11 0.2 1 0.05 1.3
2006 28 10 7 17 6.00E+02 1.1 0.21 1 0.05 14
2007 | hpe5 25 9 4 13 9.30E+02 1.1 0.18 1 0.07 2
2008 22 8 4 12 110E+03 1 0.17 0.8 0.07 2
2009 20 8 4 12 1.20E+03 1 0.16 0.7 0.07 2
2010 | hp45 18 7 4 11 190E+03 1 0.15 0.6 0.1 2
2012 14 7 4 11 240E+03 09 0.14 0.5 0.1 2
2013 | hp32 13 6 4 10 7.70E+03 0.9 0.11 0.5 0.3 2
2015 10 6 4 10 1.00E+04 0.8 0.12 0.5 0.3 2
2016 | hp22 9 5 4 9 1.90E+04 0.8 0.1 0.5 0.5 2
2018 7 5 4 9 240E+04 0.7 0.11 05 05 2

Boron that has been used to produce p type material, penetrates from the p* polysilicon
gate to the channel which enhances the detrimental impact of polysilicon depletion in
the polysilicon gate region. The mobility of free carriers in the channel at inversion
mode will not be sufficient to reach the required transistor performance (Yeo et al.,
2003; Zeitzoff & Chung, 2005). With the scaling down of channel length, declining
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from 45 nm in 2003 to 7 nm in 2018 (Schaller, 2004) increases the line edge roughness
which has encountered a great challenge for the device performance.

1.4. Short Geometry Effects due to Scaling

A semiconductor device is considered to be short when the device length is

comparable with a depth of source/drain junction (Xj) and depletion layer width

(X ) for source depletion region and (X, ) for drain depletion region. The matter

represents in Fig. 1.7. The effects are classified into two types (Das, 2015)

(i) Short channel effects

(i)  Narrow channel effects

le Source /_J{

FIGURE 1.7. Cross sectional view of MOSFET with
depletion region (Ghosh, 2013)

1.4.1. Short Channel Effects (SCESs)

When the channel length is comparable to the source-drain junction then it is
called a short channel. However, different SCEs engender due to shortening the device
dimensions are discussed below (Chaudhry & Kumar, 2004; Young, 1989).

1.4.1.1. Threshold Voltage Roll Off

The depletion region charge in the channel is not created totally by the gate
voltage. It is also controlled by the drain voltage specifically near the drain end. As a

result, the depletion region charge which is created solely for gate voltage is reduced
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Chapter 1 | Introduction

by the application of drain voltage. Therefore, the threshold voltage is reduced. This
effect is not only valid for short channel devices, it is applicable for long channels also.
However, at the long channel, this effect can be ignored because here the amount of
charges that have been generated for drain voltage is negligible (Das, 2015). Reduction
or roll off nature of threshold is not desirable for any device, because for this small
geometrically scaled devices can be reached to ‘ON’ condition at a very small gate
voltage value. The depletion charge is monitored by gate voltage as well as drain
voltage is shown as the triangular region in Fig. 1.9. It represents the influences of

drain, source and gate terminals over the depletion region.

VGS
Shared Charge
| [
| | || B
r s N
=T
e o
o + 1
N/ F/
p type '
\ +
Ve

FIGURE 1.8. Cross sectional view of MOSFET with depletion charge sharing
(Dhiman, 2018)

1.4.1.2. Sub threshold Swing (SS)

Before reaching the threshold voltage, at weak inversion mode, some amount of
minority carriers are accumulated below the gate and formed a channel. As a result,
before reaching the ‘ON’ condition mode, a small amount of current will flow through
the channel. This current is called subthreshold current because before reaching the
threshold voltage it flows. This can be measured analytically by the slope of the log of
drain current with gate voltage (Tosaka et al., 1994),

S — dVGS

d(logly)

Here, S represents SS, V is the gate to source voltage and | is the drain current.

(1.1)
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1.4.1.3. Drain Induced Barrier Lowering (DIBL)

At small geometry conditions, the source and the drain regions come close
together and their depletion regions approach each other. Consequently potential
barrier decreases, electrons easily cross the potential barrier and carrier concentration
in the channel increases. In this situation, if the drain voltage increases the drain field
penetrates to the source and further decreases the barrier. This phenomenon is called
‘DIBL’ (Lee et al., 2010). The variation of conduction energy band edge changes its

position with drain-source voltage Vs is represented in Fig. 1.9. (Tsividis, 1987). At
equilibrium condition, when V is equal to flat band voltage and for V3 =0V the

variation of conduction band edge is represented in Fig. 1.9 (a). However, on the

application of high V, the conduction band edge decreases Fig. 1.9 (c). Lowering

the band edge is the effect of V5 and the difference between the two conduction bands

are represented as DIBL.

Vos=0 V {

== VDbs low

DIBL

Vpshigh D

——

> x t

FIGURE 1.9. Conduction energy band edge at the surface along longitudinal direction
for short channel MOSFET (a) ¥, equal to flat band voltage and ¥, is OV,

(b) Strong inversion mode, (c) strong inversion with large V,,; (Tsividis, 1987)

1.4.1.4. Channel Length Modulation (CLM)

At the saturation region, the effective channel length (AL) of the MOSFET is

decreased from the actual channel length (L). This is occurred due to ‘pinch off” and

it is a function of drain to source voltage. In long channel MOSFET, this reduction of
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the channel length becomes insignificant but for small scale channel length, this
reduction has to be considered. This is called CLM (Das, 2015), expressed as,

Voo =V
AL=LIn 1+M (1.2)
VPD

Here, Vi is drain-source voltage, Vs o, represents saturation voltage and V, is

pinch off voltage. The pinch off voltage is represented in Fig. 1.10 where the channel

length touched the oxide surface and it can be represented by the difference between

Vs and threshold voltage V. In small dimension devices, this effect enhances to
block the channel length and reduces 1.

VGS

Gate
L Vas-Vy

L
-

Source
« -

FIGURE 1.10. Schematic representation of CLM (Ghosh, 2013)

1.4.1.5. Velocity Saturation

The drift velocity of the carrier increases with the increasing value of the electric
field. But at a very high value of the electric field, this becomes saturates. This
phenomenon is called velocity saturation. In a small scale MOSFET, this velocity
saturation occurs at an earlier stage than a long scale device. This will reduce the ‘ON’
state condition of the MOSFET.

1.4.1.6. Gate Oxide Leakage

Due to scaling down the MOSFET, the insulator oxide thickness goes to the 2

nm range. At this thickness level, silicon dioxide (SiO2) won’t be able to perform as
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good dielectric material and increases the gate tunneling current (Haensch et al., 2006).
Different types of tunneling currents are represented in Fig. 1.11. The free charged

particles directly penetrate the oxide level and go to the gate terminal from the source
end and generate gate-source tunneling current (Igs), whereas the current flow

between drain and gate terminal due to movement of the charged carrier from gate to

drain is called gate-drain tunneling current (Igd). However, some of the carriers

directly move to the channel and generate tunneling current(lgc). These currents

cannot contribute to drain current and damage the device. Using high-k material this

problem can be overcome.

Gate
R
Sou o ge | D@l
n’ L n*
-

K p type ‘

FIGURE 1.11. Schematic diagram of gate oxide tunnelling (Buvaneswari, 2019)

1.4.2. Narrow Channel Effects

When the channel width is comparable to depletion region thickness then the
device is called a narrow channel device. The narrow channel width of the MOSFET
generates some effects that are discussed below (Das, 2015).

1.4.2.1. Gate Induced Drain Leakage (GIDL)

Normally, MOSFET will be at ‘ON’ condition after reaching the threshold
voltage and that voltage is a function of gate voltage. So when the gate voltage is zero
generally n-channel MOSFET will be in an ‘OFF’ state. However, on account of high
drain voltage, the narrow width of the depletion region and band bending, a leakage

current will flow. This current is known as GIDL (Tsividis, 1987). The generated
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electron-hole pair that have been created due to high drain voltage and causes of
leakage current is depicted in Fig 1.12. Numerous electron-hole pairs are generated
and they move to the substrate by penetrating the depletion region. This is the cause

of the GIDL leakage current.

VGS
VS I V D
‘[ Gate ‘[
e ™
L
¥
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FIGURE 1.12. Schematic diagram of GIDL effect (Ghosh, 2013)
1.4.2.2. Fringing Field Effects

Due to the reduction of device length and width the gate region is overlapped
with the source and drain. So that the electric lines have become dense at the sidewall
region of the channel. These lines help to increase the concentration of free charge
particles in the channel and have a great impact on the device's performance. This
phenomenon is called the fringing field effect (Han & Ferry, 1998). Fig. 1.13 illustrates
different fringing lines that have been generated in the case of short channel MOSFET.

These lines directly affect the channel performance.
1.4.2.3. Hot Carrier Effects (HCEsS)

The MOSFET dimensions are scaled quite faster than the supply voltage. As a
result, the horizontal and vertical parts of the electric field in the channel region
increase. A higher electric field provides high kinetic energy to the free particles (hot
holes and electrons). These hot carriers are injected into the gate oxide and affect the
oxide interface charge distribution, current-voltage characteristics of the MOSFET.
Some pictorial representation of HCEs is illustrated in Fig. 1.14 (Garrigues & Belland,
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1986; Takeda, 1984). Due to high kinetic energy, several electron-hole pairs are

generated and are injected into gate, drain or source terminal.

FIGURE 1.13. Cross sectional view of short channel MOSFET with fringing lines
(Dhiman, 2018)

FIGURE 1.14. Cross sectional view of MOSFET with hot electrons (Ghosh, 2013)

1.4.2.4. Impact lonization

The primarily generated hot carriers collide with other atoms and generate new
electron-hole pairs. This process is called impact ionization. The primary and
secondary electrons both take part in the flow of drain current whereas the holes that
are generated by the impact ionization flow into the substrate and generate substrate

current (1,) as in Fig. 1.15. This current is monitored by the heating effect of the

device and drain electric field. The high value of substrate current increases the
probability of circuit breakdown (Reddy & Kumar, 2005).
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FIGURE 1.15. Cross sectional view of MOSFET showing impact ionization (Ghosh, 2013)

1.4.2.5. Parasitic BJT Effect

The depletion region between source-drain and substrate generates capacitance
and resistance effects. In a narrow channel, these parasitic effects become so high that
they decrease the driving capability and switching speed of the device (Reddy &
Kumar, 2005).

Several exclusive architectural changes have been introduced in the planar
structure MOSFET to overthrow these problems. Gate engineering aspects, gate
material engineering, oxide material engineering are few among them. Instead of using
classical planar structure, two-dimensional or three-dimensional structures with
multiple gates emerges the MOSFET technology into a new dimension. These ideas
also give practical solutions to the problems. The different multiple-gates structures
that have been used to fabricate the MOSFET for better performance are explained in
Fig. 1.16 (Colinge et al., 1990). In this figure, several MOSFET structures with
different dimensions have been shown and compare with one-dimensional planar
MOSFET. Instead of using one gate, researchers use double gate structures like gate
all around (GAA), multiple independent gate field effect transistor (MIGFET), double
gate fin field effect transistor (FINFET) to overcome the SCEs. Among triple gate
structures, trigate field effect transistor (FET), IT gate, Q gate, triple gate FINFET are

renowned. These structures will provide better coverage over the channel due presence
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of three gates. In the surrounding gate structure i.e cylindrical gate, quadruple gate
FET covers the channel throughout all the directions. For better coverage of gate

voltage, the effects of SCEs reduce.
1.5. MOSFET Technology-Evaluation

Instead of using a single gate structure, many multi-gate (MuG) MOSFETSs like
double gate (DG), trigate (TG) and surrounding gate (SG) structures are proposed as
an alternative structure over bulk MOSFET (Colinge, 2004). The double gate (DG)
structure is the simplest of all MuGs. In 1967, Farrah and Steinberg of Bendix
Corporation first proposed the concept of the double-gate transistor followed by
Sekigawa of ETL the concept of DG MOSFET in 1980 (Farrah & Steinberg, 1967). In
this structure, the channel gets covered from top to bottom by the gates. The presence
of two gates gives better coverage over the small channel. On application of gate
voltage from both sides of the device, the channel changes to inverting mode easily.
With the better coverage of gate voltage over the channel, the uncontrolled leakage
current flow is reduced. Thus this planar structure helps to reduce SCEs, improves
punch through properties and also reduces the capacitance generated at the junctions
(Nakagawa et al., 2003). The schematic view of DG MOSFET is represented Fig. 1.17.
Two gates are represented by a grey colour on the top and at the bottom of the device.
They are also called the top gate and bottom gate. Below the gates oxide layer has been

fabricated showing by yellow colour representation.

In view of gate material engineering, dual material gate (DMG) architecture is
another unique model used to diminish the problems of SCEs (Kumar & Chaudhry,
2004). Fig. 1.18 represents the schematic view of DMG. In this architecture, the gates
are made up of two different materials with non-identical work functions such as
polysilicon. In the preferred structure, the gate near the source side is used high work
functioned p* polysilicon material and low work functioned n* polysilicon material is
used at the gate near the drain side. Due to the dissimilarity of work function materials
assembling at the gate junction, a voltage drop has been introduced. As a result, two
different lobes with different values are generated at the surface potential. The
generated potential profile of the surface region is modified to increase the efficiency

of electron transport. The lower surface potential is generated under high work
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functioned gate material and a higher one is generated under low work functioned

polysilicon material.
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FIGURE 1.16. Possible devices with multi-gate structure (Buvaneswari, 2019)
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Figure 1.17. Schematic representation of DG MOSFET (Ghosh, 2013)

Consequently, a step function like formation has been generated. The generated
threshold voltage has a low value under the first gate (near the source end) than under
the second gate (near the drain end). This feature helps to increase the transportation
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effectiveness of the gate. At the gate junction, the surface potential, as well as the
electric field, are also adjusted according to the manner. The average lifetime of the
DMG device is increased by the increment of the electric field under the gate terminal.
However, due to using different work functions polysilicon materials, the step like
function has been generated in the surface potential and electric field. The presence of
two different lobes helps to reduce the SCEs (Kumar & Chaudhry, 2004; Saxena et al.,
2002).

A unique planar model naming dual material double gate silicon on insulator
(DMDG SOI) MOSFET structure is engendered in combination with these two
structures. This architecture integrates the advantages of two different structures stated

above.

Gate Material 1 Gate @ﬁal 2
Oxide Level

Source Drain

M, Region M, Region

\ 4

Figure 1.18. Schematic representation of DMG MOSFET (Ghosh, 2013)

1.5.1. Concept and Operation of Dual Material Double Gate SOI
MOSFET

DMDG SOI MOSFET structure is superior to the common planar MOSFET
structure. It is formed by merging the DG and DMG concepts. It has two gates at the
top and the bottom, whereas the gates consist of two different polysilicon materials of
different work functions. Subsequently, the drain conductance, as well as the SCEs
and DIBL reduces and the drain potential variation increases due to the presence of
step function characteristics in the surface potential and electric field over the channel
region. Reduction of the highest value of the electric field than other devices helps to
generate uniformly extended drift velocity of the free carrier along the channel,
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decreases the hot carrier effects and improves drain breakdown voltages. It has a higher
transconductance value which helps to reduce SCEs and enhances the voltage gain.
DMDG SOI MOSFET structure with all these physical aspects upgrades itself as a
major topic to the research candidates for future technology (Reddy et al., 2005; Goel
et al., 2016; Kaur et al., 2008).

Schematic representation of fully depleted DMDG structure has been shown in
Fig. 1.19. In this research work, different physical attributes like surface potential,
electric field, threshold voltage and drain current are analysed of this structure. It has
two gates at the top and bottom, where the top gate contains two different materials p*
polysilicon and n* polysilicon. However, the bottom gate consists of only one material
(n* polysilicon). An oxide material present between gate and substrate to serve the
dielectric medium. The thickness of the oxide material for top and bottom gates are
same. The total channel length is divided into two equal parts so that the particular
effects of different gate materials can be studied. Simultaneously, silicon dioxide
(Si0O2) and high-k materials are used as gate oxides for the comparative analysis. It has
two different values of surface potential and electric field for two different region. Two
different types of threshold voltages are also generated due to presence of two surface
potentials. However, using high-k material, it generate low value of surface potential.
The slope of the surface potential near the drain side increases with high-k. This also
helps to decrease the SCEs. Details analytical features and its characteristics are

studied in this research work.

SOURCE

FIGURE 1.19. Schematic 3D structure of the asymmetrical DMDG
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1.5.2. Concept and Operation of Graded Channel Dual Material
Double Gate SOl MOSFET

The graded channel DMDG (GCDMDG) design is another modified MOSFET
structure with an asymmetrically doped channel. In this structure, the doping
concentration of the substrate is not uniform. It is greater on the source side than the
drain side. Because of the “Doping engineering” concept, this type of structure is more
feasible to fabricate than uniformly doped DMDG structure (Goel et al., 2016). Due to
this type of doping nature the graded channel structure provides very good
susceptibility against the SCEs, helps to improve the hot carrier movements of the
device and reduces the impact ionization. Excluding all these superiorities, the GC
design also generates a larger pilot current and increases transconductance in contrast
with other uniformly doped devices.

An illustrative presentation of GC DMDG SOl MOSFET is portrayed in Fig. 1.20.

The diagram describes that at the front gate terminal, M _side of the gate which locates

nearer to the source is made of p* polysilicon and M, side of the gate which locates

nearer to the drain, is made of n* polysilicon. The length of the gates are L, and L,

by agreement, whereas the gate at the backside is constructed with n* polysilicon only
(Reddy et al., 2005; Khan et al., 2008; Vadthiya et al., 2018). The constant parameters
that have been used to construct the DMDG and GCDMDG device model for surface
potential, electric field, threshold voltage and drain current have been given in Table
1.2. These parameters with respective values have been used throughout this research

work.

To overcome the quantum mechanical tunneling effects, gate oxide leakage
current, etc. that have been generated due to scaling down the oxide thickness, some
oxide materials with higher k values have been used instead of SiO». It can be seen
that due to some unique features they provides better result in MOSFET performance
than SiO,.
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FIGURE 1.20 Schematic 3D view of GC DMDG SOl MOSFET

Table 1.2. Design parameters

Sl. No. Parameters Values

1. &, - Dielectric constant of Si 11.7

2. Eox - Permittivity of oxide 3.9 (Si0y), 22 (HfOy)
3. ¢M1- Work function of p* polysilicon  5.25 eV

4, ¢M » - Work function of n* polysilicon ~ 4.17 eV

5. E, - Silicon bandgap at 300K 1.14eV

6. X - Electron affinity of Silicon 4.05 eV

7. { - Electronic charge 1.6x10° C

8. K - Boltzmann's constant 1.38x102 m?kg s? K1
9. T - Absolute temperature 300K

10. C,,, - Permittivity of Air 1
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1.6. High-k materials - Its Advantages

The term “High-k dielectric” refers to the material, which has a higher relative
dielectric value (k) compared to the SiO2 (k=3.9). The k defines the capability of the
material to store energy/charge. A higher k value means a greater capacitance at a
greater thickness. The uses of conventional SiO. based device reaches to physical
limitation when the oxide thickness becomes a few atomic layers thick. These scaling
limitations encouraged the researchers for an extensive investigation to find out new
material instead of SiO> to serve as a gate oxide. When the oxide thickness becomes
below 15 A the gate leakage current exceeds about 1 A/cm? (Ribes et al., 2005).
Though the usage of the high-k dielectric materials (i.e. HfO2, ZrO2, Ta,Os) as gate
oxide decreases the tunnelling current and leakage power drastically however they
provide amazing performance and greater energy effectiveness (Maity et al., 2016).
The equivalent capacitance value of the gate parallel plate capacitor can be calculated
as (Electronic Article; Choi et al., 2011),

ke, A
R

C (1.3)

0X

Here, k represents the dielectric constant of the oxide, ¢, is the permittivity, A is the

area of the plate and t,, refers to the thickness of the oxide layer, respectively. Since

the value of k is higher so it requires more thickness to obtain the same capacitive
value. Qualitatively this material provides a physically thicker layer to suppress the
guantum mechanical tunnelling current.

A promising high-k material should have a dielectric constant value of 10 to
30, bandgap value above 5 eV and band offset with a semiconductor substrate above
1 eV to minimize the carrier injection. A good high-k material should be thermally
stable with the silicon substrate and its required thermal budget value should be below
1000 K and 90 s. The dielectric materials are mainly formed by the elements having
higher atomic numbers and make ionic bonding with oxygen. At the high frequency
range, the dielectric materials generate electronic polarization. So, the transition metal
oxides (especially heavy metals) produce a promising high-k substance. As mentioned
in (Choi et al., 2011) the properties of SrTiOs (k = 200; bandgap Eq = 3 eV; electrical
breakdown field, Enq = 2.2-2.3) are the most favourable for high-k material but
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incompatible with MOSFET. Therefore, a perfect balance has to be considered
between all the parameters to optimize the circuit performance. Remembering all these
practical aspects, hafnium, zirconium and aluminium-based oxides are the best
suitable with MOSFET device structure for the circuit operation as the gate leakage

current is reduced by 2-3 times.
1.6.1. Hafnium Dioxide and Gate Stack Concept

In this research work, hafnium dioxide HfO> (k=22) has been used as a high-k
dielectric material. HfO> has some unique advantages over the other high-k materials
that assist to enhance the device performance. The high dielectric constant combines
with comparatively larger bandgap (5.7 V), larger heat of formation (271 kcal/mol,),
good thermal and chemical stability on silicon and larger barrier heights at the interface
with Si. Despite so many advantages, high-k oxide material cannot be used directly on
the Si substrate interface. It will create a large amount of interface charge due to a
fabrication problem. Also, Si-SiO2 bonding is much better than any other substrate-
oxide bonding. To overcome this problem the gate stack concept has been introduced.
A thin layer of SiO> has been incorporated on the Si surface then high-k oxide material
has deposited. This architecture helps to overcome the generation of unwanted
interface charge density. The oxide thickness can be calculated by combining the oxide
thickness of the duo and called the effective oxide thickness (EOT) (Kaur et al., 2008;
Maity et al., 2017). It can be calculated as,

g .
oert =1 T4 —— [Xthignk
Ehighk (1.4)

Here, t .« represents the effective oxide thickness, ti and t.; , are the thickness of

silicon dioxide and high k material layer respectively, &; and &, are the dielectric

constant of SiO, and high-k material respectively. Normally, the thickness of the SiO-
and HfOz layers are being considered as 1nm (Maity & Maity, 2020; Maity et al.,
2017).
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1.7. Scope of Study

The DMDG SOI MOSFET structure is the most basic MuG MOSFET structure,
and it outperforms other planar MOSFET structures. This structure incorporates the
best features of both the DG and DMG structures. Because it has a larger
transconductance and a lower drain conductance value, so it may reduce all forms of
SCEs and improves drain breakdown voltages (Goel et al., 2016; Reddy & Kumar,
2005). As a result, it will be easier to create the model for removing SCEs using the
DMDG structure. The GCDMDG structure has several advantages over the uniform
structure because of the varied doping concentrations (Noor et al., 2016; Kaur et al.,
2008; Vadthiya et al., 2018). Furthermore, a graded doping concentration channel is
practically implementable. It may be more capable of reducing SCEs in terms of
threshold voltage roll off, providing improved surface potential, and lowering the
electric field's peak value.

According to many review studies, the surface potential and electric field
characteristics of the DMDG structure and GCDMDG exhibit good similarities of
simulated data with analytical data. When compared to the analytical and matching
simulating model, these structures are predicted to deliver a wide variety of benefits
as well as many parts of the research. The generated step function-like characteristics
in the surface potential and electric field over the channel (smaller in the higher work
function region than the lower work function region (Reddy & Kumar, 2005) can be
predicted to increase the drain potential variation and drain conductance while
reducing SCEs and DIBL. As the highest value of the electric field distribution helps
to generate uniformly expanded drift velocity of the electron along the channel so it
will help to minimize the HCEs which is a major problem of general MOSFET. The
step potential will increase with the influence of temperature, interface charge effect,
etc. However, instead of utilising a uniform channel length ratio for different gate
materials, it is expected that if it is increased, improved performance can be produced.

Two threshold voltages have been generated for DMDG and GCDMDG
structures due to differing gate materials (Goel et al., 2016). Two threshold voltages
may provide improved leakage current coverage. It is the most important aspect of a

device performance. Because of the small scale dimension, it is expected that the
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threshold voltage in the DMDG and GCDMDG structures will remain nearly the same
up to 20 nm channel length and provide the lowest roll off factor. The generated
threshold voltage may be less than 1V to improve switching characteristics. The
DMDG device will have the ability to consume low power while also potentially
lowering the power dissipation factor. The GCDMDG structure may also be more
resistant to SCEs than a uniform doping DMDG structure. Both types of DMDG
structure will provide excellent performance over the current characteristics. It will
increase the voltage gain property in terms of transconductance and drain conductance.
The structure is expected to give improved on current and off current features. DMDG
might be a better option for removing DIBL and SS. As per the report, the uniform
doping DMDG structure will provide a better switching capability.

HfO>, a high-k material, can improve all of the above features (Ribes et al., 2005;
Maity et al., 2016). It is anticipated that it will improve immunity to SCEs. The high-
k features that are developed may provide better outcomes than typical SiO».

Despite all the benefits, the DMDG structure has a major disadvantage due to its
asymmetric structure. . It is having some structural issues incorporating contemporary
MOS technology. But with the change in few steps in the device fabrication process
researchers may be overcome the problem. This work will enhance the prospect of
fabricatinga DMDG MOSFET with high-k to achieve the respective advantages which

it promises.
1.8. Thesis Organisation

The Thesis is organized as follows

Chapter 2 states the detailing of literature review of different MUG MOSFETSs
structures with the application of gate material engineering. DG and DMG structures
are elaborately discussed here. Various doping engineering aspects, i.e use of
uniformly doping nature and graded doping nature over DMDG structure are also
documented. Detail discussions on the performance exploration also have been
depicted based on different architectures. Vast usage of the high-k materials and the
most promising high-k, which is compatible with MOSFET is also being documented.

Chapter 3 describes the analytical modeling part of surface potential and electric

field of DMDG structure using SiO> as an oxide interface. The modeling structure
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depends on the two-dimensional Poisson’s equation and some boundary conditions.
All these things are clearly described in this chapter. The surface potential and electric
field characteristics of the device depend on some external parameters like
temperature, oxide thickness, gate-source voltage, interface charge, etc. All these
parameters are incorporated in the modeling and try to investigate the variation of
performance. This chapter also describes the detailed comparison of the influence of
high-k material over the device characteristics and compares it with conventional SiOa.
All the characteristics of surface potential and electric field that have been generated
from the analytical model are also compared with the simulation result.

Chapter 4 derives the surface potential and electric field modeling of GCDMDG
MOSFET structure simultaneously. This model also can be derived with the help of
two-dimensional Poisson’s equation and boundary conditions. The influence of
several parameters over the characteristics is illustrated here. Like the earlier one, these
characteristics also try to compare using the high-k material as the oxide interface. All
results are confirmed with respective simulation results.

Chapter 5 elaborates the threshold voltage of DMDG and GCDMDG structure.
The analytical model of the threshold voltage can be derived with the help of surface
potential. The analytical model of subthreshold swing and DIBL is incorporated in the
threshold voltage model and discusses the performances over the SCEs. In this chapter,
the impact of different parameters over the model, like reduction of channel length and
film thickness, temperature effects, etc. have been derived. Using HfO. on the
threshold voltage model relates the performances over SiO2 on the ground of SCEs.
All the characteristics that have been generated are also confronted with the simulation
result.

Chapter 6 also simultaneously represents the detailing of drain current of DMDG
and GCDMDG structure and tries to relate the performances concerning amplification
factor. The variation of transconductance, drain conductance and voltage gain over the
channel length for different devices have been compared over the SCEs and
performance ground. Here also, the influence of different parameters have derived
over the basic model. At last, all the derived representations are related to the

simulation results.
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At the end of the thesis, in chapter 7 the total research work has been concluded.
The total research work mainly deals with two different types of devices DMDG and
GDMDG with high-k material. In this chapter, the conclusion has been derived based
on the capability of swapping the SCEs keeping in mind the performance analysis

using high-k. Some future aspects of this work are also being discussed in short.
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CHAPTER

2

DMDG MOSFET-A Review

2.1. Overview of Semiconductor Technology

In 1926 scientist Julius Edgar Lilienfeld first demonstrated semiconductor-based
technology in his patent “Method and Apparatus for Controlling Electric Currents”
(Lilienfeld, 1926). He first introduced a field-effect transistor (FET) with three
electrodes made of copper sulfide. But he was unable to fabricate the device. In the
year 1940, the p-n junction diode was discovered by Russell Shoemaker Ohl (Ohl,
1946; Scaff & Ohl, 1947). After this William Shockley introduced a p-n junction-based
transistor (Shockley, 1949; Shockley et al., 1951) in 1948. This was the milestone in
the advancement of the semiconductor industry. Bell laboratory fabricated the
transistor successfully in 1951 (Shockley et al., 1951). Sooner it became very essential
in the circuit design sector because of its rectification and amplification property. IC
was demonstrated by scientist Jack Kilby of Texas Instruments in 1958 (Kilby, 1976).
After that, MOSFET was presented by John Atalla and Dawon Kahng of Bell Labs in
1960 (Kilby, 1976). MOSFET is a common device structure (Nicollian et al., 1982)
and has become an essential device in the modern electronic world because of its
switching and amplification properties. The input impedance of a MOSFET is
extremely high, of the order of several Mega-Ohm (MQ). The circuit consumes
extremely low power due to its high input impedance which helps in the generation of
high-level IC and very complex performance in simpler manner. The low power
consumption of MOSFET, allow the circuitry to adjust more components per chip
surface area. In package form its physical dimension goes below 4 mm? (Wikipedia).
Apart from that it has the ability to shorten its size while the performance remains

almost same. It has a very thin active area so that the size will be in more compact
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form. It has no gate diode so that it can operate directly on the application of positive
or negative voltage. So the device structure is used widely in the complementary MOS
(CMOS) logic IC.

The gate voltage induces the channel in between drain and source and monitors
the current flow through it. MOSFET is used in logic integrated circuits, oscillators,
microprocessors, and discrete IC technology for its exclusive characteristics. For
switching and amplifying the electronics signals it is used extensively (Moore, 1998).
Apart from the semiconductor unit, it has wide applications in the mechanical and
electrical segment also. It is used for several passive devices like capacitors, inductors,
etc. For the operation of brushless DC motor, DC relay, switch mode power supply
(SMPS) it shows excellent performance. Scientist Colinge described the fabrication
process of SOl MOSFET elaborately in his research work (Colinge, 2008; J.-P.
Colinge et al., 1990; J. Colinge et al., 1990). He also demonstrated the electrical
properties that are exhibited by MOSFET concerning channel, gate oxide and gate
electrodes. For high switching speed and high input impedance enhancement type
MOSFET have a vast usage in the digital circuitry world. After the invention of
MOSFET, Bell Labs demonstrated the fabrication process of p-type MOS (PMOS)
and n-type MOS (NMOS) structures. In 1963, combining these two structures, C. T.
Sah and Frank Wanlass of Fairchild Research & Development laboratory introduced
CMOS (Wanlass, 1967; Wanlass & Sah, 1991). Two important characteristics of
CMOS structure are high noise immunity and static power consumption. The waste
heat production of the CMOS circuit is very low than other logic circuits like
transistor-transistor logic (TTL), NMOS logic (Wikipedia). Today this technology is
well known as CMOS technology.

Every second year, the number of components in the inner section of the IC
doubles while their size reduces to half (Frank et al., 2001). For proper packaging and
to accommodate, all the discrete components have to be scaled-down. However, the
aim is to maximize the transistor speed and minimize the chip power dissipation. But
due to the reduction of drain-source distance with the scaling factor of device
dimension the channel length of the MOSFET also decreases. The declining of channel
length helps to increases several scaling problems i.e. HCEs, SCEs, DIBL, impact

ionization effects (Orouji & Rahimian, 2012) extensively. Free charged particles are
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associated with charge present in the source-drain region as the distance between them
decreases, resulting in SCEs. A detailed description of all different types of SCEs is
discussed in the previous chapter. With the device dimension, the gate threshold
voltage reduces and increases the subthreshold leakage current (Gardufio et al., 2011;
Yeo et al., 2003; Young, 1989). The leakage current does not adjust with the drain
current, but it does generate excess heat and raising the temperature of device. As a
consequence device's turn-off becomes a very serious issue (Chaudhry & Kumar,
2004a; J. Colinge et al., 1990; Gardufio et al., 2013). Scientists Zeitzoff et al. (Zeitzoff
& Huff, 2005) stated in their research paper that the SCEs have an impact on some key
features of planar MOSFET structure like applied gate voltage, channel length, EOT,
on current and leakage current, etc. Researchers accept the challenges to overcome
SCE-problems generated due to scaling down the device. Numerous technologies have
been introduced by the potential solution of ITRS to overcome the problems. Industries
are trying their level best to incorporate all those implementations and enhance the
methodology and characterization techniques to incorporate all these technical
innovations at the fabrication level.

After 2007, the scaling limits are inadequate to maintain the performance of the
planar MOSFET device side by side reduce the leakage current. The high-performance
logic circuits are scaled more rapidly than the low-performed circuit. So the major
problems have been generated in the case of ‘on’ current, switching capability, etc
(Zeitzoff & Huff, 2005). To overcome the problems researchers move to non-planar
structures. As an alternative to bulk MOSFET, ultrathin body silicon on insulator
(UTB SOI) MOSFET, MuGs (Lou et al., 2012) like DG (Alvarado et al., 2010;
Balestra et al., 1987; Cerdeira et al., 2013; Antonio Cerdeira et al., 2008; A Cerdeira
etal., 2008; Chen et al., 2003; Chen & Kuo, 1996; Chiang, 2012, 2016), tri-gate (Long
et al., 1999) and surrounding gate structure have been proposed. Among all MuGs,
DG is the simplest structure of all that can be used for the high-performance logic
circuit. The active area of the device is present within the silicon film. The thickness
of the film is maintained in such a manner that when the channel is depleted it cover
the total width of the film. This mechanism is called fully depleted (FD) SOI
MOSFET. The DG structure consists of UTB FD SOl MOSFET (Srivastava et al.,
2011). The advantage of UTB techniques is that it requires lighter doping
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concentration over planar structure side by side reduces the parasitic capacitance
effects. The presence of two gates improves coverage capability and helps to reduce
SCEs (Abd EI Hamid et al., 2007; Cerdeira et al., 2013; Contreras et al., 2010; Diagne
et al., 2008; Francis et al., 1994; Jin et al., 2010; Lazaro et al., 2009; Lin & Taur, 2017,
Liu et al., 2008; Lu & Taur, 2006; Maity, Maity, & Baishya, 2019; Nandi et al., 2018;
Ortiz-Conde et al., 2005; Ortiz-Conde et al., 2006; Prégaldiny et al., 2006; Raskin et
al., 2006), increase punch through qualities, and reduce junction capacitance. (Maity,
Maity, Maity, et al., 2019; Prégaldiny et al., 2006; Raskin et al., 2006; Sallese et al.,
2010; Sharma et al., 2011; Song et al., 2009; Tanaka et al., 1991; Taur et al., 2004;
Venkatesan et al., 1992; Yu et al., 2007). The bottom gate is self-aligned and used the
same gate oxide thickness over the substrate as the top gate. Mainly the bottom gate
covers the channel in such a way that the charges of the source-drain region cannot
influence it. However, the presence of the self-aligned two gates increases the device
complexity and enhances the cost of the fabrication process.

Another model for overcoming SCEs is the DMG MOSFET structure (Chaudhry
& Kumar, 2004b; Ghosh; Kumar & Chaudhry, 2004; Saurabh & Kumar, 2010). This
device is being built as “Gate Material Engineering” rather than “Doping Engineering”
due to the architectural aspects. Designing with different materials improves carrier
transport properties while lowering SCEs (Long et al., 1999; Tsormpatzoglou et al.,
2008; Tsormpatzoglou et al., 2007). In a DMG construction, two separate materials
with non-identical work functions are linked side by side. One gate material has a
higher work function than the other (Zhou, 2000). Normally p*and n* polysilicons are
used as the gate material. The calculated threshold voltage near the source side is
higher than the drain end for DMG n channel MOSFETSs. As a result, the charged
carrier accelerates throughout the channel, creating a screening effect that reduces
SCEs (Pal & Sarkar, 2014). A hypothetical step function across the channel region is
initiated by this arrangement. As a result, transconductance rises and the electric field
in the channel becomes more equally distributed. In terms of DIBL, on current, off
current, threshold voltage roll off, and the device's ratio of transconductance and drain
conductance, the DMG SOI structure outperforms its SMG SOI counterpart (Kumar
etal., 2017; Maria Jossy et al., 2019).
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Earlier aluminium (Al) metal is used as a gate material but it has been found that
depletion of polysilicon material as metal gate electrode enhances the resistivity of
SCEs. It helps to enhance the EOT of the device. At ‘on condition’ of the MOSFET

the channel is fully depleted. If the width of the channel depletion region is denoted as

w, , then the effective electrical thickness of gate oxide will be (Schaller, 2004,

Zeitzoff & Huff, 2005)

EOT,.. =EOT +A (2.1)
Here, A, = [;ﬂjwd , the value of w, will be as much as 0.4 nm. In consequence,
si

the resultant EOT value increases while using polysilicon material. Assimilation of
these two design structures generates DMDG SOl MOSFET structure which combines
the benefits of them (Goel et al., 2016; Reddy & Kumar, 2005). The combination of
gate and gate material engineering techniques is utilized to enhance the device's
performance. The p* polysilicon material (with a higher work function) is used near
the source junction. This is also known as the control gate because all the key features
on which the MOSFET performed depend on it. Another gate near the drain junction
is made up of lower work function n* polysilicon. A step function like a potential
profile is generated at the channel interface due to the presence of two different gate
materials. This gate helps to prevent the influence of drain voltage hence it is known
as a screening gate. It reduces the drain conductance by lowering the utmost value of
the electric field at the drain section. It boosts the drain breakdown voltage and
produces the required threshold voltage roll up for specific channel lengths (less than
100 nm) (Goel et al., 2016; Noor et al., 2016; Reddy & Kumar, 2005). The generated
step potential scaled-down the subthreshold leakage current and DIBL effects. If the
gate material work function of the control gate increases then it further reduces the
subthreshold current (Gupta, 2019).

Ramesh and Reddy (Ramesh, 2017; Reddy & Kumar, 2005) stated that below
100 nm channel length, the DMDG structure reduces the electric field near the drain
region. Mohankumar (Mohankumar et al., 2008) depicted that DMDG provides better

noise immunity than any other DG structure.
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To enhance the mobility of free-charged particles and generate the required device’s
performance, one solution is to use a strained silicon channel. The effect can be
described as (Kaur et al., 2008)

ﬂ — qrsciner (22)
m

Here, 4 represents the mobility of electron, m” is effective mass and .

atter TEPrESENtS
the mean free time against scattering (Taur & Ning, 2013). Combination of a thin layer
of Si with Si-Ge layer epitaxially deposited on the top of the Si substrate. By this
process strained Si layer is generated. Because of lattice mismatch, scattering lifetime
increases. As a result, the mobility of the free particle increases hence the device’s
performances are also enhanced. With this process, an enhancement factor of 1.8 can
be achieved.

The GCDMDG is another modified MOSFET structure with an asymmetrically
doped channel (Abdi et al., 2009; Kaur et al., 2008). The source side has a higher
doping concentration than the drain side. Because of this form of doping, the GC
structure has a high immunity to SCEs, which helps to reduce the device's hot carrier
effects and impact ionization (Panigrahy & Sahu, 2013; Sharma et al., 2013). A high
doping channel near the source side decreases DIBL and low doping nature in the drain
side increases mobility and reduces (Baishya et al., 2007) the peak value of the electric
field (Kaur et al., 2007). Apart from all these superiorities, in comparison to other
evenly doped devices, the GC design generates a higher driving current and increases
transconductance (Baishya, 2009; Vadthiya et al., 2018). Chiang (Chiang, 2009)
reported that with asymmetrical DMDG structure an improved SS and threshold
voltage can be achieved over any symmetrical structure. Ramesh and Kumari (Kumari
et al., 2014; Ramesh, 2017) stated that the GCDMDG structure helps to reduce SCEs
and increase the on current (lon) and off current (lof) ratio.

Apart from planar structure, some 3D structural MOSFETs like FINFET
(Panchanan et al., 2021; Seoane et al., 2018), GAA structure, triple Gate MOSFET
(Colinge, 2007), surrounding gate MOSFETs (Auth & Plummer, 1997), quad gate
structure (Kumar & Mahapatra, 2009), junction-less transistor (Terrill et al., 1984) also

present excellent performance over the SCEs. FINFET is the most promising structure
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for future ultrashort channel device structure because it provides better immunity over
SCEs. But, to fabricate such a three-dimensional structure is still very difficult over
the planar structure like DMDG.

2.2. Significance of MOSFET Parameters

The device performance can be measured based on some electrical parameters
like surface potential, electric field, threshold voltage and drain current. Surface
potential can be measured from the band bending generated in the MOS structure. Due
to the assimilation of different work function materials and different band gaps like
semiconductor, oxide (insulator) and metal, it has introduced a step function like
formation. The generated step surface potential reduces the SCEs, however, the slope
of the curve near the drain side and its peak value help to minimize the DIBL.
Depending on applied gate voltage the band bending or the surface potential can be
increased or decreased. Surface potential also can be increased by changing oxide
thickness, film thickness, temperature, etc. In asymmetrical doped GCDMDG
structure, due presence of different doping the surface potential increases more than
the uniformed one. However, the step formation also remains here. These are very
essential parameters of MOSFET to analyze its performance. Depending on surface
potential, electric field and threshold voltage will be generated (Reddy & Kumar,
2005).

Analytically, the electric field can be calculated from the generated surface
potential. It is the voltage difference between the two plates of the MOS structure.
Generally, MOSFET has two parts of the electric field, they are parallel to the channel
and longitudinal to the channel. It depends on the applied gate voltage. Like surface
potential, the DMDG structure has a step-like electric field due to two different
materials (Kumar & Chaudhry, 2004). Moreover that, the average value of the
generated electric field is almost constant and it changes near the source and drain
only. For the GCDMDG structure, the generated electric field is the same as the
uniform DMDG structure and they change for high temperatures (Buvaneswari; Goel
etal., 2016; Kumar et al., 2017).

The threshold voltage is the key factor to trigger on the device. This voltage

specifically indicates the switching characteristics of the device. This also depends on
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the gate voltage. Quantitatively threshold voltage can be measured from the minimum
value of the surface potential. With the shrinking technology, the voltage required for
the switching characteristics of the MOSFET is also lowered down. That means
threshold voltage decreases. As a result power consumption, power dissipation also
decreases. N. Gupta (Gupta, 2019) calculated the threshold voltage of fully depleted
DMDG MOSFETSs using the 2D Poisson equation. To find it, the concept of minimal
surface potential is applied. K. Suzuki (Suzuki & Sugii, 1995) reported that the DMDG
structure can be separated into two DG structures to determine the threshold voltage.
According to the research, there are two distinct threshold voltages for two different
structures.

Drain current is another important electrical parameter to monitor the
amplification property of the device. Drain current will flow after achieving the
threshold voltage. At that time device is on and performs all its necessary circuitry
requirements. Depends on the trans and drain conductance, which can be measured
from the drain current, the voltage gain can be calculated. T. K. Chiang (Chiang, 2009)
depicted that the transconductance of the DMDG structure grows up and the drain
conductance drops. As a result voltage gain increases. These are the basic electrical
parameters to analyze the device’s performance. It should be mentioned that these
parameters are also affected by several other factors (Guha et al., 2015; Hosseini et al.,
2007; Parker, 2002) that have been generated environmentally or at the fabrication
time or to scale down the device. So before analyzing the device performance these
parameters also have to be considered and they may help to enhance the surface
potential and, as a result, lower leakage current according to the electric field. Some
of them have been included in this research work. These constraints are temperature
effects (Narang et al., 2013) and interface charge effects (Stesmans & Afanas' ev,
1998) etc.

The bandgap, carrier concentration, and thermal voltage of the semiconductor
alter as the temperature varies. Consequently other physical attributes like fermi
potential, effective gate voltage also alters. So it has a significant effect on device
performance. Similarly, the oxide capacitance, flat band voltage, and effective gate
voltage are all affected by the interface charge created at the interface of two distinct

materials during fabrication (Maity et al., 2014).
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2.3. Scaling Limits of SiO>

SiO; has several advantages easy fabrication, stability up to temperature 1000°C,
low defect density, large bandgap (9 eV) so that it is used as the dielectric material for
MOS structure over the years. The channel length, as well as gate oxide thickness,
reduce with the scaling down of the device structure. The gate leakage tunneling
current becomes significantly large when the gate oxide thickness is below 1 nm (Chen
et al., 2016; Choi et al., 2011; Maity et al., 2014; Salmani-Jelodar et al., 2016).
Scientist Muller in his research paper (Muller et al., 1999) stated that with the
decreasing value of film thickness the band offset of SiO, with Si decreases. In his
electron energy loss spectroscopy performed on 0.7 to 1.5 nm thickened SiO> revealed
that full band gap of SiO2 obtained only up to two monolayers of SiO2-Si interface.
Below this value, SiO2 won’t show the ‘bulk’ properties.

Researchers (Tang et al., 1998) also confirmed that a minimum thickness of 0.7
nm is required for SiO> material to obtained bulk properties. Below this value, the
channel interface and polycrystalline Si gate interface overlap with each other and
gradually SiO> losses its dielectric property. Instead of using SiO2 as a gate oxide
material, usage of high-k dielectric material (k>3.9) can resolve the problems (Maity
et al., 2016). The 2010 ITRS report confirmed that the current trend is to use high-k
material instead of SiO2 in MOSFET. As a result, EOT increases and reduces the
problems generated due to the shrinking of the oxide thickness (Maity et al., 2016).

However, if HfO2 is used directly over the semiconductor surface then a rough
interface scattering effects has been generated among the oxide and bulk silicon
interface. These effects can be reduced by depositing a thin layer of SiO just between
the Si and the high-k oxide interface which is also helps to keep the EOT same. The
term "gate stack" refers to this style of design (Maity et al., 2017; Maity et al., 2011).
Using high-k, the thickness of EOT can be reached to 1 nm range to serve the purpose.
Moreover, Zeitzoff (Zeitzoff & Huff, 2005) depicted graphically in their research
paper that with the increment of EOT value leakage current density decreases. So using
high-k dielectric material with lesser physical thickness is to be used for MuG
MOSFET to overcome the SCEs problems (Khan et al., 2008). Remember that, to
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incorporate high-k material in VLSI technology several factors have to be optimized
like grain size, particle size, atomic distance, conductivity, etc.

2.4. High-k Materials

There are several oxide materials to be used as high-k dielectric material, i.e.

Aluminum oxide (Al203) has a k value of 7.5, a large bandgap (8.8.eV), good
thermal stability, high barrier offset, compatible with fabrication (Yang et al., 2006).
It has very good interface quality (Bouazra et al., 2008) but its wafer leakage
uniformity is not meet the expectation.

Lanthanum oxide (La20s3) has dielectric constant 27 with EOT 0.48 nm to 1.2
nm range, low leakage current density (0.06 A/cm?) at -1V, high breakdown field of
13.5 MV/cm, low interface trap density of 3e10 eV-*/cm? and good reliability (Wu et
al., 2000). But it is not suitable for the sub 22 nm regime.

Titanium dioxide (TiO2) has a very high dielectric value (110) with a low
bandgap energy (3-5 eV). But it is not preferable because its thermal stability is not
very good.

Zirconium dioxide (ZrOz) preferably can be used as a high-k material. It has a
k value of 25 with a large energy bandgap of 5.16 eV to 7.8 eV (De Almeida &
Baumvol, 2003). Also it has good thermal stability and there are no issues that have
arisen as a result of the manufacturing process.

Hafnium dioxide (HfO) is a rare earth material and IV-B metal oxide. It is the
most favorable high-k material with dielectric constant lying between 22 to 25, large
band gaps (5.8 eV), high breakdown field (3.9-6.7 MV/cm). It has very good thermal
and chemical stability with Si, larger barrier height and good compatibility with p* and
n* polysilicon. Choi (Chiu & Horng, 2011) reported that in the operation voltage 1-1.5
V the value of leakage current will be lower than that of SiO> for the same EOT (0.9-
2 nm). The impact of crystal structure on crucial material properties such as dielectric
constant, stability, bandgap, and the energy required for point defect formation has
long been recognized as important from a scientific and practical standpoint, and hence
is of natural interest for HfO,. The effects of stoichiometry, temperature, and pressure
have been investigated, as well as the phase diagram. Hafnium-oxygen bond generates

sevenfold coordinated when exposed to ambient conditions. Baddeleyite is a sevenfold
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coordinated dioxide with a common structure. At room temperature and pressure,
HfO> has the monoclinic baddeleyite structure with the lowest free energy of formation
and the biggest volume (Quan et al., 2002; Wu et al., 2006).

The electrical properties like barrier heights or band offsets at the oxide-
semiconductor heterojunction have been determined using X-ray photoemission
spectroscopy (XPS), transport methods (capacitance voltage and current—voltage
techniques), infrared absorption or photoluminescence excitation spectroscopy and
internal photo emissivity spectroscopy. Angle-resolved photoemission experiments
were used to investigate the 4f-5d hybridization in HfO2 thin films on Si
(Puthenkovilakam & Chang, 2004). By creating defect states inside the bandgap, an
oxygen vacancy in a large bandgap oxide alters electrical properties. The energy
position of this defect level in hafnium oxide has been calculated theoretically and
empirically to be above the center of the bandgap (Desgreniers & Lagarec, 1999).
Extensive defects in metal oxides, such as grain boundaries and dislocations, have a
major impact on electronic characteristics (Chiu & Horng, 2011; Lowther et al., 1999).
Leakage reduction is a major reason for replacing SiO2 with high-k materials (Lowther
etal., 1999). Accurate direct tunnelling modeling is essential for understanding scaling
limits and ensuring that the chosen materials are highly scalable and useable for many
future generations of technology.

With all these qualities this oxide material is used as a dielectric constant in
CMOS technology. Fig. 2.1 represents (Maity et al., 2016) the most promising high-k
materials that are used for the MOSFETSs and compare them with k values. Table 2.1
represents different high-k materials with some physical parameters. Comparing the
data sets of promising high-k materials given in Table 2.1, it can be said that HfO, and
ZrO- are best to use as the high-k with dielectric value 22-25 and bandgap energy of
5.8 to 6 eV. HfO2 has been chosen as a high-k material for this research work and
compares its performances over SiO: in surface potential, electric field, and threshold
voltage and drain current and tries to investigate how this model performs over the

SCEs. It can be seen that using HfO> the performance is much better.
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Reaction with Si

Material Si0, | Si;N, | ALO; Zr0, | HfO, Ta,O; | La,0; | TiO, | BST
Dieetric |59 | 75 | ~93 | ~:2 |~:m | ~25 |-30 | -s0 | ~300
water vapour
FIGURE 2.1. Most promising high-k materials
Table 2.1. Comparative study of all high-k materials (Lowther et al., 1999)
Sl No. Dielectric  Relative Band Electron  Hole Breakdown
Material  Dielectric Gap Offset(eV) Offset field
Constant  (Eq ineV) (eV) (MV/cm)
1. SiO2 3.9 8.9 35 4 10
2. Al;03 9-10 8.8 3 4.7 10
3. TiO3 80 3.5 1.1 1.3 3
4. La,0s 27 4.3 2.3 2 135
5. ZrO, 25 5.8 1.4 3.3 4-5
6. HfO, 22-25 6 15 3.4 4-5
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3

Surface Potential and Electric Field of DMDG

3.1. Introduction

The band bending that occurs in the MOS structure can be used to calculate the
surface potential in MOSFETSs. It is very much related to the applied gate voltage.
On application of it, free charge particles accumulate just below the oxide level and
the energy band difference reduces, as a result, surface potential increases. The
surface potential can be measured from the application of Gauss’s Law, Poisson’s
equation, potential balance equation and considering the assumptions that the oxide
interface is charge free. The electric field can be quantified from surface potential by
differentiating it. It measures the voltage difference between gate and substrate
(acting as the two plates of the MOS capacitor) above and below the insulator
material (Nicollian et al., 1982; Ramesh, 2017).

There are two electric fields in a typical MOSFET: one parallel to the channel
and the other normal to the channel. When the positive voltage is applied to the gate,
the field normal to the channel keeps on increasing which results in the depletion of
holes from the region below the oxide layer. Further increase in the gate voltage,
starts to attract electrons onto the interface of the gate oxide layer and substrate
(Hosseini et al., 2007; Parker, 2002).

Combining DG (Mohankumar et al., 2010; Sharma et al., 2011) and DMG
(Kumar & Chaudhry, 2004; Saxena et al., 2002) architectural points of view, the
DMDG structure (Reddy & Kumar, 2005) achieves a reduction of the peak electric
field and an increase in breakdown voltage near the drain end, better
transconductance than other MOSFETS, and reduction of drain conductance. For
single material double gate structure (SMDG), one single lobe can be found in
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surface potential characteristics whereas in the DMDG structure a step function like
feature is obtained in surface potential as well as in the electric field. It originates
from the presence of two different work functioned materials that exist at the upper
gate as well as the lower gate. This double lobe surface potential structure helps to
reduce SCEs (Young, 1989) a lot. One lobe of the characteristic curve has a lower
value than the other. The lower lobe is generated at the high work-functioned
material. These gates are composed of different materials and generate different
electric fields as well as different threshold voltages (Goel et al., 2016; Kaur et al.,
2008; Sarkar et al., 2012). Changes in temperatures (Narang et al., 2013; Streetman
& Banerjee, 2006), interface charge present at the oxide interface (Maity et al., 2014)
also has an influence over the performance of the device.

Generally, the high-k dielectric materials reduce the gate tunneling current and
the leakage power as well as it depicts higher performance with greater energy
efficiency (Kumar et al., 2011). Here, HfO, (Chen et al., 2016; Choi et al., 2011;
Maity et al., 2017; Maity et al., 2016) is used as a high-k dielectric material. It has
several benefits over the other commonly used high-k materials described earlier.
Comparing with SiO», to obtain the same surface potential the thickness of dielectric
material can be increased with HfO> though the layer can’t be fabricated directly on
the silicon substrate. To overcome such types of difficulties gate stack concept (Eqgn.
1.4) is applied. In this chapter, the surface potential and electric field of the DMDG
structure has been investigated using SiO> as well as high-k material HfO through
analytical modeling and simulation. All the characteristics made from the analytical
model are compared with the TCAD simulation. Very good similarities can be found

between them.

3.2. Analytical Model of Surface Potential of DMDG MOSFET

The surface potential distribution of the DMDG MOSFET structure can be
described with the help of 2D Poisson’s equation. The approximated vertical
potential distribution can be solved with the help of the boundary conditions. The
surface potential of the device can be solved out by the subsequent equations. The
2D schematic diagram for the cross-sectional view of the DMDG SOI MOSFET is
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shown in Fig. 3.1. Here a uniform doping concentration is considered for the
substrate region.

Gat
L. ate L,
Source Drain
I O p type Substrate
O n typedoping
Ch 1L hL
annel Lengt O Oxide material
. p* polysilicon
T .
si O nt PolysiliCOI‘l
p type Substrate
l Body

FIGURE 3.1. 2D Schematic view of the DMDG SOl MOSFET

In the schematic diagram of DMDG, the upper gate consists of material M1 (p*
polysilicon) and material M2 (n* polysilicon) of lengths L, and L, respectively and

the lower gate is of n* polysilicon only. The potential distribution in the silicon thin
film before the moderate inversion can be written in the form of Poisson’s equation.
Two dimensional Poisson’s equation can be described in terms of (Reddy & Kumar,
2005),

2 2
9(xy) , d9(xy) _aN, 0<x<L0<y<T, (3.1)
dx dy €

si
Here N, is uniform body doping concentration independent of gate length, q is the
electronic charge, & is the permittivity (dielectric constant x absolute permittivity)

of Si, L is the device channel length and Ty is the thickness of the film.
The potential distribution in the vertical direction ¢(x,y) can be approximated by a

simple parabolic function for fully depleted SOl MOSFET,
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¢(X’ Y):¢s(X)+ad1(x)y+adz(x)y2 (3.2)
where, ¢s(X) is the surface potential of DMDG and ay,(X),a,,(X) are the arbitrary

constant depends on X only. In the DMDG MOSFET structure, there are two

different materials used in the gate region as M1 and M2 (p* polysilicon and n*

polysilicon) with two different work functions of ¢,,and @, respectively.

Therefore, the flat-band voltages of the p* polysilicon (VFBd,fp) and n* polysilicon

(VFBd,fn) at the front gate would be dissimilar and can be calculated as,

VFBd,fp = ¢M81 = _¢si
VFBd,fn = Pus2 = Pz — 9 (3.3)

Here, @, is the work function of silicon and can be expressed as,
¢y = X s ¢ 3.4
=X+ —+ :
si Si 2q F ( )

where, X is the electron affinity of silicon, E, is the silicon bandgap at 300 K, q is

the electronic charge and @ is the Fermi potential.

The expression of fermi potential is

¢ =V;In [%j (3.5a)

Here V; is the thermal voltage and denoted by
V. =KT /q. (3.5b)
Here Kis Boltzmann’s constant, T is the absolute temperature of the environment

and I is the intrinsic carrier concentration. Surface Potential under p* polysilicon

(M1 gate) and n* polysilicon (M gate) can be written as,
B (X Y) = s (X) + g (X) Y+, (X)y* 0<x<L,0<y<T, (3.62)
Bi2 (% Y) = b (X) + A (X) Y+ (X)y" L <x<L+L,0<y<T, (3.6b)
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where, ¢51(X) and ¢sz(X) are the Surface Potential under p* polysilicon and n*

polysilicon and adll(X),adlz(X),ad21(X) ,adzz(X)are arbitrary constant depends on

X. Some boundary conditions must be studied in order to determine the surface
potentials under two different gate materials of the DMDG structure.

3.2.1. Boundary Conditions

1. For DMG, the electric flux is constant at the front gate oxide interface. So,

d¢dtj(xi y) |y:0: (‘gox j[w] under My (3-7)

y & 0x

dgy, (X, Y) | O:(@J[M] under M2 (3.8)
dy Y= Esi tox

where &, is the permittivity (dielectric constant x absolute permittivity) of oxide and

L, is the gate oxide thickness, M1 is the p* polysilicon of length L, and M is the n*

polysilicon of length L,.

Now,
Vst =Ves _VFBd,fp (3.99)
Vasr2 = Vas _VFBd,fn (3.9b)

Vs is the gate-source voltage

2. Uninterrupted electric flux at the back channel's gate oxide.

A0 (%Y)| (o | Voso=#(¥) | ynger m, (3.10)
dy Y= gsi tOXb

dfsa(%Y), (& |Veso =) ynger m, (3.11)
dy T gy toxo

Vs =Ves ~Ves, m is the gate-source voltage at the back gate (3.12)

VFBd,bn is the flat band voltage for the back gate. Here we are using n* polysilicon for

the back gate, 50, Vg 1 =Veg - SO, it can be written as,
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VGS,b =Ves _VFBd,fn =Vosts (3.13)
toxb is the back gate oxide thickness and the potential function along the back gate

oxide-silicon contact is @ (X)

3. Continuous surface potential at the front gate's boundary,

¢d1(|'l’0):¢d2(|‘1’0) (3.14)

4. At the interface of two different materials of the front gate, the electric flux is

continuous,
déy.(x.Y) déy, (X, Y)
— e le,Ts o — 3.15
dX |><:Ll dX |x:L1 ( )
5. The surface potential at the source end,
¢d1(0’ 0) = ¢51(0) :Vbi (3.16)

Vbi is the built-in-potential across the body source junction. The expression is

V, =V, |n(N;';'dJ (3.17)

i
Nd is the doping concentration of source and drain region.

6. The surface potential near the drain end,

¢d2(|‘1+|—2’0):¢82(|‘1+|‘2):vbi +Vps (3.18)

where, VDS is the applied drain-source voltage. Using these boundary conditions, the
constant terms Ay (X)), agp,(X), 8451 (X),8355(X) can be solved. To solve ay;;(X),
8, (X) put y=0in Eqn. 3.6a

By (X, Y) =5, (X)+0+0 (3.19)

Differentiating Eqn. 3.6a concerning y and putting Y =0,

ddy, (x,y
% ly-0= 0+ay,,(X)+284,(X) Yy =ay;(X)
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From the first boundary condition stated in Eqn. 3.7, comparing the value of

derivative,
a4y, (X) = {&](MJ (3.20)
Esi Lox
Putting y =T in Eqgn. 3.6a,
D1 (X Y) = g (X) 850 (X) T + 841, (X) T ? (3.213)
At y =T, the back gate potential ¢ (X, y) has to be considered here
s (X, Y) = ds1 (X) + g1y (X) Ty + g1, (X) Ty (3.21b)

Considering the derivative of the Eqn. 3.21b with respect to y and comparing with

Eqn. 3.10,
q | d ’ V - X
Iulxy) GO a0+ 28 (0T, =[‘Z—][%¢B()] (3.22)

dy dy b
&g gsit X
= gy (X) + =22 28y, (X) Ty =Vesp — s (X)
gox OXTSi

Putting the value of ¢ (X) from Eqn. 3.21b to Eqgn. 3.22,

&gt i
= 2500 2811 (X)Te =Vis (¢s1( )+ad11(X)Tsi+adlz(X)Tsiz)_g_stoxbadll(x)

gox si 0X

Putting the value of adll(x) from Eqn. 3.20 in the above equation and simplifying it,

S%Zam( X)Tg = Vs {¢51( )+ﬂ[MT ]-I-adlz(x)TSz} Esly Ox[¢81( )- GSfl]

0X ' si 3| 0X 50ng| tox

= gsitoxb 2ad12( )TZ s ¢Sl ( )( poosi ‘C"oxT5| 85|toxbgox ] +VGSf1[gOXTSI + 85|toxb€ox] ad12 (X)Tz
oszi 85|tox goxgmtox gsitox 60x‘95|tox
gsitoxb 8oxT3| |t0xbgox ‘9oxT3| 85|t0xb50x
= =20 981 (X)T§ + 8y (X)T5 =Yg~ s (X )[ T Vg
oszi : : 53|tox gox55|tox : gSItOX g ‘95|tox
&t &l &t e 1. &t
= 2 Si“oxb +1]ad12( )TZ =Vis s ¢Sl( )[ 4 2ot 0X 5| si “oxb. Oxj+VGSfl[ 0X ' si + si “oxb oxj
( goszi 8S|tox g 55|t0x gﬂtox 8 55|t0x
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et g et et & &t

gOXTsl gSItOX gOXTSi 6 tOX EOX
Vess _¢31(X)[ L j-l_VGSfl( + oo j

:> adlz(x) — SI0X 0X™ sl "oX SI0X 0X™ Sl "0X (3-23)
(1 4D Zsiioxb 5| oxb sz
gOXTSI
& & Ei
Considering, Coy =—2, Cy, =—>and Cgj ==+,
tox toxb Tsi
0X OX [0).8 COX
Vesp —Ps1(X )(“ c e J+VGSf1(C_ e j
_— ad12 (X) — si oxb si oxb (324)
(1+ 2 G jTS?
Coxb
Similarly, solving for am(x) and adzz(X) put y =0in Eqgn. 3.6b,
Bio (X, Y)=d5,(X)+0+0 (3.25)
Differentiating Eqn. 3.6b with respect to y and putting y =0,
ddy, (X’ y)
dy ly=0=0+ 8421 (X) + 28, (X) Y = 841 (X)
From the first boundary condition stated in Egn. 3.8, comparing the values,
-V,
ad21(x) Eox ¢32( ) GSf 2 (3.26)
& tox

Putting y =T, in Eqn. 3.6b, the surface potential will be,
Bz (X Y) = 5 (X Y) = sz (X) + 4 (X) Ty + g0 () Tes" (3.27)

At y =T, the device dimension signifies the back gate, so the back gate potential
consider here, differentiating Eqn. 3.27 with y and comparing the equation with the

2"d boundary condition given in Eqn. 3.11,

dg.,(x,y dey (x,y | Vasp — s (X
—¢di'j(y )|Y=Tsi: ¢Bd(y )|y=Tsi:ad21(x)+2ad22(X)Tsi:i_sj[—es’b obe( )J(3-28)
&si 8itx

= =40 (X) + = Ot_)zadzz( )Tst =Vesp — s (X) (3.29)
(0),4 0oX "SI

Putting the value of ¢ (X) from Egn. 3.27,
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& &4t
:>g—s'toxbad21(x)-|— S_‘I’_"b 285, (X)Tgf =Vegp - (¢52(X)+a21(X)Tsi+a22(X)Tsi2)
0X 0X "SI

1 .
:>gSI—-(|J-Xb2ad22( )T5|2 GS,b <¢82( )+ad21(X)Tsi+adZZ(X)Tsi2>_&toxbale(X)

ox ' si gox

Putting the value of adzz(x) from Eqgn. 3.26 and simplifying it,

SI'T'Xb 28, (X ) Vess {qﬁsz( )+g;.x[¢sz( 2ox Gm]T +a22(X)Tsi2}—gsitoxbgox[¢52(x)_VGSf2]

oX ' Si Si goxgsi tox
et e 1. &t e T. &t
- si -c|>-xb zadzz( )TZ - ¢SZ( )[1+ X 5| si “oxb oxj_l_vesfz[ USH si ‘oxh oxJ dzz( )T2
ox ' si gS|tox gox85|t0x gsitox goxgﬂtox
et & T, g 1 e T. &l
= si _r]J_xb 2ad22(X>Tsi2 + adzz( )TZ 5 ¢52< )[14— oxt i si oxbtoxJ_I_VGsz[ oxt si + si oxbtoxj
0X ' Si 85| 0X 6‘0)(6‘3' 0X gsi 0X 50X5'5| 0X

5sitox gOXTSI 55|tox 0X goszi 55|t0x
3[2—b+1]ad22( )Tz GS,b ¢sz( )[“’ +—bj+VGSf2( +—bj

gOX Si gSItOX 80X gSI tOX gSI tOX gOX ESItOX

gOXTsl g tOX EOX gOXTS| gS|tOX
VGS,b_¢S2(X>[1+ +bj +VGSf2( +b]

gmtox goxgmtox ‘95|tox gongItox
= ayy(X) = (3.30)
142 Ssitob & oxb jT 2
[ ox 'si

o & & &g
Considering, C, = t—OX Cop =2 and C; ==+,
oxb si

cC. ¢ cC. ¢
Visp — P52 (X )[1+OX+COX j"'VGsz[OXJFOXj

Csi oxX Csi Cox
A2 (X)= ( - g b (3.31)
142 stf
oxb

To calculate the surface potential under the p* polysilicon gate material and putting

the values of a;;(X) and a;,(X) from Egn. 3.20 and 3.24 in Eqn. 3.6a,
B (X, Y)= ¢31(X) + adll(x) y+ay, (X) y?
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C ¢, ¢
Vg, — ¢ (x)[1+°x+°xj+v [°X+°X]
_V esh ~ Y1 . osi|
¢d1(x,y)=¢sl(><)+—g°*[MX) GS“]y+ % o Sl (332

[1+ 2%]1?
Coxb

Differentiating the Eqn. 3.32 twice with respect to X,
A (xy) _d7(x)

dx? dx?

si 0X

(3.33)

Differentiating the Eqgn. 3.32 twice with vy,

C C C C
265, (X [1+°X+°XJ 2V (OX+°XJ
d’¢ (% Y) ALY (%) Ci  Cow e o (3.34)

= - +
dy? . : .
Y (1+ 2 G )T; (1+ 2 i ]T; (1+ 2 i JT;
Coxb Coxb Coxb

Putting the values of Eqn. 3.33 and 3.34 in Poisson’s equation for DMDG,

d2¢d1(X’ y) N d2¢dl(x’ y) _ aN,
dx? dy? &

(3.35)

C C C C
2 XN 1+-2x4 21 2V oK 4 X
d 2¢Sl(x) + 2VGS,b ¢Sl( )( Csi Coxb j GS”( Csi Coxb J qNa

— + =
dx? . . _ .
(1+ 2% jT; {1+ ZCS'jTSf [1+ ZCS']T; .
Coxb Coxb Coxb

C C C C
2¢ (x)[l+°x+°xj 2V [‘”+ °X]
= d2¢51(x) _ * Csi Coxb — qNa _ 2VGS,b _ e Csi Coxb (3 36)
dx’ . . . . '
" [1+ 2°5'st3 s [1+ ZCS'JTj [1+ ZCS'JTSf
Coxb Coxb Coxb
C C
Cox Cox 2V — + —%
. 2[1+C.+CJ qNa 2VGS,b GS“( Csi Coxb]
Putting ¢ = i o) and B = o 3 - 5
[1_,_ 2Csisti2 s (1-# 2 JTsiz [1+ 2 JTsiz
Coxb Coxb Coxb
Then,
2
: ﬁs)iz(X) —agy (X)=f (3:37)
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To calculate the surface potential under the n* polysilicon gate material putting the

values of 8y,;(X), 8y, (X) from Eqn. 3.26 and 3.31 in Eqn. 3.6b,

2

¢d2(xi Y) = ¢sz(x)+ ad21(x)y+ad22(x)y

COX CUX COX COX
VGS,b _¢SZ(X)E1+C+j+VGSf2[C-+C]
Jy_l_ si oxb y2 (338)

& ¢ X)-V. si Cox
¢d2(x,y):¢sz(x)+g_ox[ sz( ) Gsf 2 : b
| % [1+2“]Tj
Coxb
Differentiating the Eqn. 3.38 twice with X,
d*¢s, (%, y) _ d°¢,(X) (3.39)

dx? dx?
Differentiating Eqgn. 3.38 twice with Y,

C C C C
24, (x)(1+°x+"x] 2V ("X+°Xj
d 2¢d 2 (X’ y) s - C; C ot Ci  Cow (3.40)

— si oxb

: —~ +
W [1+ 25 JT; (1+ 2%]13 (1+ 2csijT§

oxb oxb oxb

Putting the values of Eqn. 3.39 and 3.40 in Poisson’s equation for DMDG,
d’dy,(x,y) . d’dy,(x,y) _ OGN,

dx’ dy? &g
C c c C
2 X)) 14+ 4 2V B
d2¢82(x) + 2VGS,b _ ¢82( )( Csi Coxbj + GSfZ(Csi Coxb] — qNa
2
dx (1+ 2% JT; [1+ ZCS‘stiZ [1+ 2CS‘JTS? .
Coxb Coxb Coxb

C C C C
20, (X)| 1+ 2+ 2 N | Zoxy Tox
d2¢52(X) ¢SZ( )[ Csi Coxbj _ qNa _ 2VGS,b _ GSf2[Csi Coxb

- v -
[1+ 2%]13 i [1+ 2%]13 [1+ ZCS‘JT;
Coxb Coxb

oxb
C C
Ngrp| >+
C. C

Si oxb

] (3.41)

2[1+C°X+C°Xj \ "
C. C
Putting, a= ( s/ and B, = QN GS b

1+ 2%]1? i [1+2 Csi jT; [1+2 = stf

oxb oxb oxb
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Then,

d2 S2
ﬁT(X) —ags,(X) =5, (3.42)

3.2.2. Solution of Partial Differential Equation

2
From ean. 337, T g ()= . Let, iy (1) =™ where, €™ %0, 50

_Amx

2
the trial solution will be dﬁSle(X)—a;z}Sl(x):O-NOW, ¢31(X)

2
S0, d‘gs—lz(x) =m?e™. From the trial solution,
X

m?e™ —ae™ =0
2e“‘x(m2—a):0 as e™ =0
:>(m2—a)=0
S>mi=q
—m=+J/a

So, the roots are real and distinct. Now, the complementary functions (C.F.) are
C.F.=> X, = Ae¥®* 4 Bg Vox (3.43)
A and B are two arbitrary constant. Particular integral (P.1.) of the Eqn 3.43 is

1
Pl=sr—A

(3.44)

[if, vl D then %—a%l(x) = /3, can be written as (D2 —a)gz)Sl(x) =41

_ ——(1+ _jﬁl [Binomial expansion]
o o
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__A [Taking the derivatives]

a

So, the total equation will be ¢, (X)= C.F.+P.1.

ds1(X) = Ae* + Be Ve —%

= 4o (X)=Ae” +Be™ + g [putting+/e = A and —% =0,]

Similarly, ¢, (x)= Ce’™™ 1 pe ™ 15 [putting B _ o,]
a

From the boundary condition Eqn. 3.14,
¢11(L.0) = ¢4, (L1,0)
Putting the values from Eqn. 3.45 and 3.46
Ae* +Be ™ + 0, = Cet" ™k 4 De Y 4 g,
= Ae*t +Be*" +(0,-0,)=C+D
Form the boundary condition Eqn. 3.15,

d¢dl(x’ y) L= d¢d2(X’Y) |
dx - dx o

Putting, the values of ¢, (X), ¢s,(X) and considering the derivatives

d¢Sl(X) |X:L1: iAelLl _iBe—ﬁLl

dx

— d¢Sl(X) |x:|_1: ﬂ,(AeMl _ BeflLl)

dx

de., (X
Similarly, %d;() | = 21CeHah) _ apeAl-l)
X 1

dds, ()
———|,_.=4(C-D
= dX |X:|—1 ( )
According to the boundary condition
d¢51(x) | — d¢82(x)
dx v dx

= (C-D)=(Ae" —Be*")

|x:|_1= /1(C - D) — /1(Ae“l _ Bef’lLl)
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Solving Eqgn. 3.47 and 3.50

C(Ae%j (3.51)

and D = ( Be "\ + %} (3.52)

From the boundary condition of Eqn. 3.16 and 3.18,
¢d1(0’0) = ¢31(O) =V and ¢y, (L +L,,0) =y, (L +1L,) =Vy + Vs
Putting the values in the equation ¢, (X)= Ae™ +Be™ + o,
¢:,1(0)=Ae*® +Be™ + g,
= ¢,(0)=A+B+o, =V,
= A=V, -B-o, (3.53a)
=B=V,-A-o0, (3.53b)
From another condition, Eqn. 3.18, put the value in,
#s,(x)=Ce’" ) + De ) 4 o,
= g, (L +L,)=Cet =) Detlte ) 4 6 =V 4V
= ¢, (L +L,)=Ce" + De ™) 1 5, =V, +Vyq
Putting the values of C and D from Eqn. 3.51 and 3.52,

doo (L + L) =(Ae“1 +A~% ;%je‘“” +(Be’“ﬁ +A% ;sze“” +0, =V, +Vog

O, —O. _ _ o, —0, _
— Aethetle) 1 212 - 24(ke) y Betigile) L 21 Ta oAl L g V4V

2

= Ae*t+Bet 4 2% ; % (e’l(LZ) + e‘l(LZ)) =V,; +Vps — 0,

= Ae*t +Be "t + (0'1 - O-Z)COSh (;LLz) =Vyi +Vps — 0, (3.54)
Putting the value of B from Eqn. 3.53b,
= Ae’t + (Vi —A- O'l)e_/lL +(0, -0, )cosh (AL, ) =V, + Vs — 0, (3.55)

= Ae*t — Ae*t +(Vbi - O'1)e_M + (01 - Uz)COSh(/u‘Z) =Voi +Vos — 0,
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e—AL

= A= {(Vbi Vs =0,) = (Vy — 0y )e " ~(a, _Uz)COSh(/le)} (3.56)

Putting the value of A from Eqgn. 3.53b to 3.54
Ae*t +Be ™ +(o, — 0, )cosh(AL,) =V, +Vps — 0,
=(V, —B-o0,)e™ +Be™" +(0, - 0,)cosh(AL,) =V, +Vys — 0,
= (Vy —o,)e*t —Be*" +Be™* + (0, — g, )cosh (AL, ) =V, +Vys — 0,
= B(e™ —e ") =(Vy - 0;)e™ = (Vy +Vps - 0, ) + (0, — 5, )cosh (AL,)

e—iL

With the variation of the temperature, the bandgap, carrier concentration, and

= B ={(Vy —0,)e"" = (Vi +Vos = 0,) + (0, — 7, ) cosh (AL, )} (3.57)

thermal voltage of the semiconductor changes obeying the relation

aT?

E,(T)=E, (TO)—T " (3.58)

where, E; (TO) is the bandgap at 0 K, o« and g are arbitrary constants (Narang,
2013). Similarly, the substrate concentration N, (T ), doping concentration N, (T)

and intrinsic carrier concentration n,(T), thermal voltage values will act as a

function of temperature (Streetman & Banerjee, 2006) .

(M=% ) T (359
NN (a50)
Ny () =N(T) | o
\(T)=n m[l—j o5
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If SiO2 is replaced by high-k materials as the gate oxide, some difficulties will
arise. Though higher capacitance value can be achieved by using high-k materials
however it generates poor electrical quality at the oxide-semiconductor interface.
Consequently, the breakdown voltages that have been generated in the dielectric
region become lower and decrease the lifetime of the device. Further, due to the
difference in work function and the presence of the trap charges at the interface
(Maity et al., 2014), the characteristics do not match with the ideal MOS device. The

device with flat band voltage, V., and threshold voltage, V,, are strongly affected by

the interface oxide charges. The interface trap charge is,

Pox = %3 (3.63)
So the flat band voltages for two different materials are from Egn. 3.3

VFBd,fp =ys1 :(¢M1_¢si)_¢ox (3.64a)

Veg, = Pusz = (P2 — %) — fox (3.64b)
and the effective gate source voltages are from Eqgn. 3.9

Vast1 =Vas ~Ves, 1p 8 Vastr =Vas —Ves, (3.69)

The electric field can be evaluated by differentiating the surface potential expression.

The electric fields for two different regions are,

E,.(X)= d¢31(x) |,-o= Ale™ — BAe™, 0<x< |-1 under M; and (3.66a)
-

£,(x)= %209 _ et paeiets, L<X<L underM,  (3.66h)
2 dx °°

3.3. Results and Discussions

The generated surface potential throughout the channel for fully depleted
DMDG SOl MOSFET structure is compared with its SMDG SOl MOSFET
counterpart (Fig. 3.2). All the design parameters have been listed in Table 3.1. All
the defined characteristics of the proposed model computation has shown an
excellent agreement with the results of the TCAD simulation. The surface potential
of the uniformly doped DMDG structure is a parameter-dependent element in the

theoretical model. Table 3.1 lists all of the parameter values and device dimensions
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required to calculate the surface potential. From the literature review, device
dimensions such as channel length, film thickness, doping concentration, and gate
material work functions have been taken into account. (Reddy, 2005). To establish
the doping concentration of the substrate, some experimental work (Bhattacherjee,
2007) has been explored. The temperature variation's arbitrary constant has been
takeninto consideration (Narang, 2013). For both situations, the same interface

charge (Maity et al., 2014) has been used for the same oxide thickness.

Table 3.1: Design Parameter Values for Surface Potential

Sl. No. Parameters Values

1. N, - Uniform body doping concentration 1x10% cm’®
2. N, - Source/ Drain doping concentration 5x10% cm
3. T, - Film Thickness 12 nm

4. L - Device channel length 100 nm

5. L, - Gate length of M, p* Polysilicon 50 nm

6. L, - Gate length of M, n* Polysilicon 50 nm

7. .- Intrinsic carrier concentration 1.5x10' cm™®
8. L, - Gate oxide thickness 1nm

9. T, - Back gate oxide thickness Inm

10.  Vps- Drain source voltage 0.8V

11. Vg - Gate source voltage 0.15V

12. [ - Arbitrary constant 636

13. « - Arbitrary constant 4.73x10%

14. Q, - Interface Charge 1.6x10° C/cm?
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Fig. 3.2 shows the change of surface potential with the position along the
channel for the SMDG structure using SiO2 and HfO; as the gate insulator material.
Here the work function of the polysilicon that has been used in the gate is 5.25 eV
for both cases. It is found that only a single lobe is present in the surface potential
characteristics and it tends to SCEs as the single material is used. The presence of
single material is unable to reduce DIBL and HCE effects compared with dual
material (Ramesh, 2017). When HfO> is used as gate oxide material the tendency of
surface potential characteristics is more flattened than SiO,. Whereas for both

materials the average value of the surface potential is the same.

| ] [ ]
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S \ / h
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S5 0 " =5 \ J
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Position along the Channel (nm)
FIGURE 3.2. Surface potential profile for SMDG

In comparison with DMDG SOI MOSFET, it is found that the surface potential
has two lobes (Figure 3.3). The characteristics also show that a distinct step function
has been generated between two lobes for both SiO, and HfO, respectively. Like
SMDG, the characteristics are more flattened using high-k material than
conventionally used SiO». It is also revealed from Fig. 3.3 that, in case of high-k
material the jump of surface potential from one lobe to another is more stiff using
high-k. However, when HfO> has been used the surface potential becomes lower than
SiO. for the same conditions applied. The step function in surface potential is

generated mainly due to materials with different work functions used at the gates.
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Usually, in higher work function material, the generated surface potential is lesser
than lower functioned one. Due to the difference, it looks like a step function (Fig.
3.3).From the above figures (Fig. 3.2 and 3.3) it is clearly evident that the surface
potential increases in DMDG structure when compared with SMDG structure.
Additional step change increases the screening in the channel region from the drain
potential as stated in (Ramesh, 2017).

An increment of surface potential also helps to increase the electric field as
well as the threshold voltage of the device. The slope of the surface potential of the
DMDG structure near the drain side is lower than the SMDG device. As mentioned
in (Sarkar et al., 2012), these characteristics help in the reduction of the electric field
near the drain end and become immune to SCEs generated due to drain voltage
(DIBL effect) (Sarkar et al., 2012; Saxena et al., 2002). As the unwanted current is
automatically suppressed out in this condition, the DMDG structure can be utilized to
overcome the SCEs problem. It is also revealed that (Fig. 3.3) for the equivalent
parameters, specifically for the similar oxide thickness values the generated surface
potential for the high-k material, HfO> is lower than conventional one. Earlier in
(Kumar et al., 2011), it was also observed that the obtained surface potential is higher
for lower k value. So, it can be stated that by generating the same surface potential

using SiO2 the oxide thickness of HfO2 can be increased as the gate dielectric

material.
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FIGURE 3.3. Surface potential profile for DMDG
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It is depicted that the (Fig. 3.4) surface potential profiles with position along
the channel for different oxide thickness with SiO; as well as HfO- respectively. It is
revealed that the surface potential decreases with decreasing oxide thickness. From
1nm of oxide thickness, the value of surface potential becomes negative using SiOa.
Whereas, all the values of surface potential under the same oxide thickness becomes
negative when HfO: is used. So, it can be stated that for identical parameters
especially for the same oxide thickness the surface potential obtained from HfO>
material is lesser than SiO; as evident from Fig. 3.4. Due to scaling down, the oxide
thickness also decreases with the length of the device. But to obtain the same value
of surface potential the oxide thickness can be increased using HfO> (Reddy &
Kumar, 2005). For validation of the proposed model, TCAD simulating data is
presented in the figure. Here, oxide thickness is considered as 1 nm and 2 nm for

both the materials used.
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FIGURE 3.4. Change of surface potential with the channel position using different oxide
thicknesses

59|Page



Chapter 3 | Surface Potential and Electric Field of DMDG

The surface potential with the position along the channel for different substrate
doping using the oxide material SiO, and HfO, have been represented in Fig. 3.5,
respectively. The different values of the doping concentration that have been
considered here are (a) N,=1.5x10% cm™, (b) N, = 5x10* cm?, (c)N, =1x10® cm3,
(d)N,=5x10%8cm3, () N, =1 x 10¥cm™®, (f) N, = 1.5 x 10%° cm™3, respectively.
With the increment of substrate doping the surface potential increases for both the
oxide materials, but for the same substrate doping the surface potential of the device
using HfO: is lower than SiO- as evident from the result. The slope of the curve near
the drain side using HfO> is almost the same for all the characteristics with different
substrate doping. Therefore, it can be concluded that, with the increasing value of
substrate doping, the Fermi potential of the silicon, gate voltage increases but the flat
band voltage decreases. As a result the consequent surface potential increases. For
the same device performance, a low doped device using HfO2 can be used than SiO..
The DIBL effect is also low because the slopes are nearly the same at the drain side

using HfO.. The results are validated with TCAD simulations for N, =1.5x10%" cm™
and N, = 1.5x102° cm™ with SiO; as well as HfO,. Extremely good conformity can

be found between the analytical model and the TCAD plot.

The variations of surface potential for different gate-source voltages using two
different oxide materials are explained in Fig. 3.6. It can be stated from the
representation that, with the increasing value of gate voltage the surface potential
increases. The gate-source voltage is the key feature of MOSFET. The gates act like
a capacitor that accumulate energy in the form of a charged particle. The device
transforms from the accumulation region to the strong inversion region by the
application of appropriate gate-source voltage. With the increment of voltage, more
number of charged particles accumulate at the edge of the channel under the gates
and the surface potential increases.

Surface potential variation with position along the channel for different
temperatures using two different oxide materials have been illustrated in Fig. 3.7. For
both cases, the potential profile increases with increasing temperature. When the
applied temperature is below room temperature (300K), the generated surface

potential becomes negative by using SiO2 and above that, the value of surface
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potential becomes positive. Nevertheless, in the case of high-k, the generated surface
potential becomes positive after 410K.
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source voltage
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Therefore, it can be specified that, when other parameters of the device are scaled
down, with the proper maintaining of device temperature the device performance can
be sustained. It is stated in (Narang et al., 2013), that with the increasing temperature,
the bandgap of the semiconductor reduces. Also with the changes in temperature
semiconductor concentration profile as well as Fermi function changes. It has direct
impacts on the surface potential. Henceforth surface potential also rises with the
increment of the temperature. As the threshold voltage is depends on minimum
potential so, with the variation of temperature the threshold voltage shows unique
behaviour that will be discussed in next chapter. However, the influence of
temperature is weak at high gate voltage value due to good controllability of two
gates upon the channel.
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FIGURE 3.7. Change of surface potential with the channel position for different
temperature

The variation of surface potential with normalized channel position for
different combinations of channel length (L: and L>) under different gate materials
(M1 and M) have been symbolized in Fig. 3.8. The total gate length is constant. Here
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the different channel lengths under the two gate regions have been considered as (a)
Li:L>=1:1, (b) Li:L»=1:2 and (c) Li:L»=2:1. The position of minimum surface
potential always under L1 and it is shifted towards the source as the gate length under
M; reduces. For both cases, the surface potential of channel length ratio Li:L>=1:2
achieved the lowest value at the drain region, and Li:L»=2:1 achieved the highest
value. It is mentioned in (Saxena et al., 2002) for smaller Li/L ratio the electrostatic
potential increases with scaling down L:. As a result, threshold voltage reduces and
current increases. This type of structure is called asymmetric DMDG (ADMDG)
structure. The analytical model prediction result exhibits good agreement with
TCAD results as shown in the figure.

2.0 2.0

—=— Analytical Model (L :L,=1:1) —=— Analytical Model (L,:L,=1:1)

—e TCAD (L,.L,=1:1) —e— TCAD (L,L,=1:1)
1544 Analytical (L;:L,=1:2) 154 —4— Analytical (L :L,=1:2)
S| v TCAD (LiLA1) —v TCAD (L,L,~1:2)
= —— Analytical (L,:L,=2:1) —&— Analytical (L,:L,=2:1)
8 10+ TCAD(L,:L,=2:1) 1.0 —«— TCAD (L :L,=2:1)
c
D
=
o
O 054 0.5 1
®
Q
()
T
S 0.04 0.0
w

Si0g HfO,
-0.5 T T T T T T -0.5 T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100

Position along the Channel (nm)

FIGURE 3.8. Surface potential with the channel position for different
channel length ratio

Figure 3.9 shows the surface potential vs position along the channel,
considering the interface charge that exists at the oxide-semiconductor interface. At
the time of fabrication of oxide material upon the semiconductor surface, due to
presence of two dissimilar materials, some amount of unwanted charges is generated
between them and act as interface charge (Maity et al., 2014). Here, for both cases,

the interface charge have been considered as Q, =1.6x10°C/cm?® for simplicity.

From the Fig. 3.10, it can be elaborated that when SiO: is used as the oxide material

the incorporated interface charge increases the surface potential. But in the case of

63|Page



Chapter 3 | Surface Potential and Electric Field of DMDG

high-k material, the interface charge has no distinguished effects in the device
performance. From the above representation, it can be stated that when SiOz has been
used as the gate oxide material the effective gate voltage increases as well as the
surface potential. However for HfO, oxide material, the interface charge does not
make any significant change. With the reduced oxide thickness value, the interface
trap charge density increases, which upsurges in case of HfO.. Increasing value in
interface charge exposes that introducing high-k material in MOS structure decreases

the interfacial attachment between semiconductor and insulator.
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FIGURE 3.9. Surface potential with the channel position considering interface charge

Just like the surface potential electric field of the DMDG structure also shows step
function because the electric field is generated from the surface potential. Figure 3.10
represents the electric field for two materials at different temperatures. It is depicted
from the figure that, using high-k material the amplitude of the characteristics at the
source side as well as drain side and at the middle of the channel is much more than
using SiO2. Apart from that, the average value of the electric field is almost near to
zero through the channel. It can also be illustrated from the figure that it has no such
significant effect at high and low temperatures for both cases. Only the peak value
near the source and drain side of the characteristics increases using high-k material at

high temperature.
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FIGURE 3.10. Comparison of electric field with channel position at different temperature

3.4. Summary

Surface potential is a basic and important characteristic of any amplifying
device. All other essential characteristics parameters like electric field, threshold
voltage and as well as drain current fully depend on it. Surface potential also changes
with applied gate-source voltage. Depending on the potential difference, MOSFET
changes its state from accumulation to strong inversion region and promotes itself to
a very good and reliable amplifier. Due to the presence of different polysilicons (of
different work functions) at the gate region, the step function generated at the surface
potential characteristics make the DMDG structure a unique one. This nature reduces
the peak value of the surface potential at the drain side. As a result, DIBL reduces.
To minimize the gate tunneling affect the oxide thickness has to be increased without
affecting the drain current. Again due to the small scale structure oxide thickness
should be reduced. But using SiOz, as an oxide material, has some limitations. Below
1 nm range, it would not work as an insulator and a huge amount of tunneling current
flow through it. Considering all the above results it can be found that when all the
other parameters are the same, the surface potential for the high-k material is lower
than conventional oxide material. This statement leads to the conclusion that to
achieve the equivalent value of surface potential the oxide material thickness in case
of high-k material can be increased. It may help to overcome the tunnelling current

problem to some extent. Using high-k dielectric material HfO. the oxide thickness
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can be enhanced without affecting the surface potential hence the drain current. By
changing the substrate doping concentration, temperature and gate-source voltage the
surface potential also can be increased for the minimum oxide thickness. Also if we
change some designing aspect of the device gate length structure then it will generate
a better result. If surface potential decreases the threshold voltage also decreases,
which leads to the flow of many unaccountable currents through the device structure.
This unwanted current sometimes becomes so high that damages down the device
structure. A good nature of the surface potential is also reflected in the electric field,
threshold voltage as well as drain current. An increment of surface potential also
helps to increase the threshold voltage. On the other hand using DMDG structure
helps to decrease the other SCEs generated due to scaling down. It can be concluded
that by using a DMDG structure with high-k material as a dielectric material all the

problems normally generated for scaling down the structure can be eliminated.
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CHAPTER

A

Surface Potential and Electric Field of
GCDMDG

4.1. Introduction

In view of “Gate engineering” and “Gate material engineering”, DG and DMG
structures provide improved channel coverage (Frank et al., 2001; Moore, 1998;
Nicollian et al., 1982; Orouji & Rahimian, 2012), which helps to reduce SCEs
(Chaudhry & Kumar, 2004a; Gardufio et al., 2011; Yeo et al., 2003; Young, 1989),
increase punch through characteristics, and lower the capacitance created at junctions
(Abd EI Hamid et al., 2007; Balestra et al., 1987; Cerdeira et al., 2013; Maity et al.,
2019). This type of design aids in improving carrier transport property efficiency
(Chaudhry & Kumar, 2004b; Kumar & Chaudhry, 2004; Long et al., 1999; Pal &
Sarkar, 2014; Saxena et al., 2002). When DG and DMG are combined, a DMDG SOI
MOSFET structure is formed, which enhances the benefits of both (Reddy & Kumar,
2005). It helps to overcome the threshold voltage roll off problem that has been
generated in other types of MOSFETs for less than 20 nm channel lengths and
increases the drain breakdown voltage by decreasing the peak of the electric field near
the drain side (Cerdeira et al., 2008). It also helps to reduce DIBL and drain
conductance by declining the peak of the electric field near the drain side (Sharma et
al., 2009).

In view of “Doping engineering” concept, the GC design is another adapted
structure with an asymmetrically doped channel (Goel et al., 2016). Here the substrate
is not uniformly doped. Comparing with the drain side, the substrate near the source

side is fabricated with higher doping concentration. Consequently, the channel is
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heavily doped near to the source region and moderately or lightly doped near to the
drain region. This lateral asymmetric channel (LAC) helps to reduce the depletion
width at the junction. The highly doped channel near the source side moderates the
threshold voltage as well as DIBL effect. The lightly doped region near the drain end
increases mobility and reduces the peak value of the surface potential along with the
electric field. The GC structure gives excellent immunity to SCEs and boosts the on-
off current ratio as a result of asymmetric doping nature. The pocket implantation
techniques suppress the SCEs and improve circuit performance. It also helps to
diminish the HCEs of the device and reduces the impact of ionization. Apart from all
these advantages the GC design also produces a larger pilot current and rises
transconductance in contrast with other uniformly doped planar structure (Kumar et
al., 2016; Vadthiya et al., 2018).

If the DMDG device is asymmetrically doped instead of symmetrically doped,
a GCDMDG structure can be created. It has already been reported that the GCDMDG
structure increases drain current, peak transconductance and gives an outstanding cut
off frequency at lower drain current. Apart from the gate and doping engineering
concept, there are several other parameters also which have a huge impact on the
device characteristics like temperature (Narang et al., 2013), interface charge (Maity
et al., 2014; Suddapalli & Nistala, 2021), channel length ratio (Goel et al., 2016), etc.
These parameters are also considered here for the comparative study between DMDG
and GCDMDG structures. It has been established that all these parameters when
simultaneously combine with the proposed structure increase the surface potential as
well as electric field and decrease the leakage current.

It has also been observed that using high-k material the device performance
will be better and reduce the SCEs for the small scale dimension. Among several high-
k materials, HfO> has been chosen for some beneficial role. For the same value of
surface potential, the thickness of the HfO> layer can be increased over the SiO> (Maity
etal., 2017; Maity et al., 2011; Maity et al., 2016; Salmani-Jelodar et al., 2016). It can
be calculated that using HfO2 almost six times better performance can be achieved.
Sometimes, to overcome the compatibility problems between Si substrate and high-k,
the gate stack concept has to be incorporated. Surface potential and electric field of the
GCDMDG MOSFET structure employing SiO2 and HfO2, which is obtained by
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combining both DMG and GC engineering principles in the DG MOS devices, are
detailed in this chapter. All the proposed characteristics of the structure have been
related with similar results with uniform doping DMDG MOS structures. All the
characteristics made from the analytical model are compared with TCAD simulation.

Very good similarities can be found between them.

4.2. Analytical Model for Surface Potential of GCDMDG MOSFET

The surface potential distribution of the GCDMDG MOSFET structure can be
described with the help of 2D Poisson’s equation, the approximated vertical potential
distribution with the help of the boundary conditions. Considering all the equations,
the surface potential of the GCDMDG device can be solved out. The influence of the
fixed insulator substrate interface charges on the channel's electrostatic potential was
ignored during the modelling process.

Figure 4.1 shows a two-dimensional schematic illustration of a GCDMDG

MOSFET. Doping concentration is different for two different zones (shown in figure

with two different colour contrast) i.e. N, is considered as doping concentration of
the substrate close by the source and N_, is the doping concentration of the substrate

near the drain region and the condition is N, > N_, (Chaudhry & Kumar, 2004b). The
electronic charge is considered as { and the permittivity of Si is £, the dimension of

the device channel is L and T denotes the film thickness.

The 2D Poisson's equation depicted the potential distribution function of
GCDMDG thin layer channel,

by (xy) | 8 (%Y) _aNy,

v . 0<x<L,0<y<T, (4.1)
d? y) d? ,
Pz (X Y) + furlXY) _ Ny L <x<L,0<y<T, (4.2)

dx’ dy? g

The distribution of the potential ¢, (x,y) is in the perpendicular (i.e iny) direction

that can be calculated from the approximated form of a simple parabolic function. The

expression for GCDMDG structure is
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B (X,Y) =6 (%) + 85 (X) Y + 2y, (X) Y° (4.3)
where, ¢, (x) describes the surface potential, agcl(x) and agcz(x) (mainly depending
on xonly) are the constants term. In DMDG SOl MOSFET configuration, the

different gate materials (p* polysilicon and n* polysilicon) uses work functions @,
and ¢, respectively and P> P, As a consequence, the calculated flat band

voltages for the front gate material of the p* polysilicon (VFdefp) and n* polysilicon

(VFdefn) are described in Eqgn. 3.3,

VFBgcvfp =Pus1 =Pu1 — P aNd
VFBgC,fn = sz = Pz — a2 (4.4)

where, ¢, and ¢, are the work functions of Si for two different doping regions. The

expression is given by,

P = Xy +{§_éj+¢|:1 (4.52)

L, L, - More doped Substrate

ﬂ Less doped Substrate

m Source/ Drain

[:] Oxide Level

‘ p* polysilicon
Tsi

m n' polysilicon

FIGURE 4.1. 2D Schematic view of the GCDMDG SOI MOSFET
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B = X +[§q]+¢” (4.5b)

Here, E; is bandgap at 300K and ¢, , ¢, are the potentials function for the Fermi

level for two different doping regions. The X defines the electron affinity of

semiconductors. The expression can be written as,
g, =VrIn(Ny/n;) (4.6a)
and ¢, =V; In(N,,/n;) (4.6b)

Here, V; is the thermal voltage explain in Eqn. 3.51a. N, represents intrinsic carrier

concentration and K defines the Boltzmann’s constant. Surface potential under p* and

n* polysilicons are explained as,
¢gcl(xi y):¢Sl(x)+agcll(x)y+ag012(x)y2 0<x<L,0<y<Ty (4.73)
¢gc2(xi y):¢52(X)+agc2l(x)y+agc22(x)y2 I—1£XSL1+L210SySTSi (47b)

where, ¢51(X) and ¢52(X) interpret the surface potential under p* polysilicon and n*
polysilicon and @ ., (X), 8y, (X)) 8yep1(X), 8yepp (X) define  arbitrary  random

constants depending on X . To solve the analytical model for the surface potential and

electric field some boundary conditions (Eqn. 3.7-3.18) have to be considered.

From the boundary condition 5 (Eqn. 3.16), the surface potential at the source side can

be explained as,
¢gcl( ) ¢Sl( ) bi, (48)

Built-in-potential for region 1 is
Vy, =(KT/q) Iog(Nal d/n) (4.9a)
Built-in-potential for region 2 is

Vy, =(KT/a) Iog(NE12 d/n) (4.9b)
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Nd is the source and drain doping concentration. From the boundary condition

6 (Eqgn. 3.18), the surface potential at the drain side can be explained as,
¢2(L1+LZ’O):¢52(L1+L2):VbiZ +VDS (4-10)

The t,,, describes the width of the insulator used at the back gate, N, demonstrates the

doping concentration of source and drain region and V¢ defines the source-drain

voltage (Vadthiya et al., 2018). For solvmgagm( ) gm( )put y=0in Eqgn. 3.6,

di1 (X, Y) =y (X)+0+0 (4.11)
Differentiating Eqn. 3.6a for GCDMDG with respect to y and put y =0,

Ay (XY

% ly—o= 0+ 8,5 (X) + 28y, (X) Y = 8y, (X) (4.12)

Comparing the Eqgn. 4.12 with the first boundary condition, Egn. 3.7, and simplifying

it,
agm(x)—[g JL—M 2 GS”J (4.13)

Putting y=Tsi in Eqgn. 3.6a,

¢gc1(x’ y) = sy (X)+ agcll( )T + agch( )T ? (4.14)
At y=Tsj, the back gate potential has to consider,
¢B (X1 y) = ¢51(X) + a5 (X)Tsi + 840, (X)Tsi2 (4-15)

Differentiating the Eqgn. 4.15 with respect to yand comparing the equation with
respect to Eqgn. 3.10,

s () by, = Ba(x7) =t = @gera (X) + 28505 (X) T = [QJ(VGSJ) ~fs (X)]

dy dy si Lo
et &gt
= ZOXb agcll(x) +— Oxf) 2agc12( )Ts|2 =Vas ¢B( ) (4.16)

Putting the value of ¢B(X) from Eqgn. 4.15,

it
g: 2 agcll(x) “i -(l)-Xb 2a12 ( ) si GS b <¢Sl( ) + agcll(X)Tsi + agclz (X)Tsiz)
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1 it
= %zagclz( ) si GS b (¢Sl( )+ agcll(X)Tsi + agclz (X)Tsiz) - gSI = aQCﬂ(X) (417)

Putting the value of a(X) from Eqn. 4.13 in the Eqn. 4.17 and simplifying it,

gsitoxb ox ¢31( ) GSf 2 g‘tgxbggx ¢S (X)I_VGSf
_Tzagt:lZ( ) - GSb {¢51( ) c [ t }Ti-}_agclz(x)Tsi} ( t

ox ' si si 0X goxgﬁ 0X
et el &t s 1. &t

si-oxh 2 0X 5| si oxb 0X 0X " Si Si oxb 0X 2

= T 2a‘gclz( )T GSb ¢51< ){1"_ t t j'l_VGSfl[ t + t gch( )T

0X ' Si 83| 0X 50X55| 0X 55| 0X goxgm 0X

65| oxh 2 2 goxT5| €S|toxb 0x gome 53|toxb 0X

2a‘gclz( )T gc12 ( )T GS b ¢51( ) t—+ +VGSf1 +
g T, et ¢ ed et ¢ et
ox ' Si sioX 0x“si 0x siox 0x“si-0x

e T et & &t et c et

ox ' si SIoX 0X™SI "0X SIT0X 0X™SI "0X

gsitox goxT5| 85|t X & szi é to>< ¢ X
3[2—b+1jagc12( )TZ_VGSb ¢31( )[1"' O—b]"'vesm( R

gOXTSI 2 tox gox goszi 2 tox gox
0] 2 i | e o
SI"0X 0X ™SI "0X (418)

ety 8xé‘|tx gt Elgl
:agClZ(X): SI 0 [0) SI1 0
1+2 Esi oxb T2
goszi )
& £
Considering, —£ C,,=—2and C; ==,
tox toxb T
C
GSb ¢Sl( ( + OX + - J+VGSfl( - + OXJ
= Ay, (X) = ot (4.19)

Similarly, the constant terms achl( ) agczz(X) can be solved, putting y =0 in equation

number 3.6b,

Bz (X, Y) =, (X)+0+0
Differentiating Eqn. 3.6b with respect to y and putting y =0 ,
dgyea (x.Y)
dy
Eqgn. 4.18 is compared with the first boundary condition stated in Egn. 3.8 and
simplifying it,

|y=0: 0+ achl(X) + 2agc22 (X) y= achl(X)
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Agea1 (X) = [ . j(%] (4.20)

Putting y =T, in Eqn. 3.6b, the surface potential,

B (X, Y) = B (X) + 8gepy (X) T +8gen (X)Ts ?
At y =T, the back gate potential has to be considered. Differentiating it with respect

to y and comparing the equation with 2" boundary condition given in Egn. 3.11,

A, (X, y dgg (X, y o | Vs — s (X
— 35/ ) |y:Tsi - % |y:Tsi - a9021(x) + 2a9022 (X)Tsi = i_ﬂ(GSbTbB()j (4.21)
gsitox 8Sit0X

- on b agczl(X) ’ goszti) ZagCZZ( ) ) GS ’ ¢B( )

Putting the value of @;(X),
t 1

= g: oih agczl(x) + i‘SI _T_Xb 2a9022( )Ts.z GS,b (¢32( ) gczl(X)Tsi + g (X)Tsiz)
ot &gt

= —: .T.Xb 2agt322( )Ts|2 GS,b <¢sz( ) QCZl(X)Tsi + aQCZZ(X)TsiZ)_ ZOXb agczl(x)

Putting the value of agczl(X) from Eqn. 4.20 and simplifying it,

3gSith)'szalgczz() Vs [¢sz() {5J[¢S2() GszjTi+agcz2(X)Tsi2j g'toxbgox[¢52<x)_VGSf2j

gox si (4 goxgy tox
8sitoxb 2 goxT5| 85|toxb ox goszi 85|toxb 2
= T 2achZ< )T VGS b ¢82 ( ) T4 t + t +VGSf2 t + t gc22 ( )T
ox ' si 85| 0X ‘90ng| 0X gsi 0X goxgsl 0X

et e T gt &l Etné
= Zs ) 2a X T.2+a T2 142008 si oxb LY Zocsl L oxb® ox
OXTsi chZ( ) si gc22( ) GSb ¢SZ( ) Et 6' Et GSf2 E-t c €t

SI°0X 0X™S1™0X 170X 0X™SI "0X

e T et 5.9t et ggt

ox'si SIT0X 0X™SI"0X SIT0X 0X™SI 70X

GS b ¢82( )( gOXTSI + EgloxpEox j—l_VGSfZ (goszi n Eqlopox

‘95|t0x goxgmtox gsitox 8ox85|tox ]
(4.22)

= 8., (X)=
|

&t E Ty 5t g T &t
:[2 si -oxh +1] gc22( )T5|2 _VGS,b _¢SZ(X)[1+ ox 'si siton® ]-I_VGSfZ[ ox st 4 s o0

&,

ox ' si

142 Ei oxb jTSIZ
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80X gOX
Considering, C, t_ Co = t—and C; =

0X oxb

&
T
C C C C,,
V 1+ %4 = 14V X 4
GS,b ¢82( )( Csi C j GSf?_(CSi C J

= agc22 (X) = ( oxb

(4.23)
1+ 2CSijT;
b

OX

To calculate the surface potential under the p* polysilicon gate material for GCDMDG

consider Eqn. 4.7a, ¢, (X, Y) = ¢ (X) + @y (X) Y + 2y, (X) y* . Putting the values of

a,;(x)and a ,,(x) from Eqn. 4.13 and 4.18,
C C C C
¢ ( ) Ves‘b_¢31(x)[1+(;»A("'COX]"'VGSfl((;X"'COX]
¢g01(x,y) ¢s1( ) Ox[ S1 GSflJy+ Si oxb Si oxb y2 (424)

t [1+2°5i]T;
Coxb

Differentiating the Eqn. 4.24 twice with respect to x,

d*ya (%, y) _ d°¢, (%) (4.25)
dx® dx®

Differentiating the Eqn. 4.11 twice with respect to vy,

C C C
20, (X)| 1+ 2+ 2| N, | 2+
d2¢gcl (X' y) _ 2VGS,b 51( )[ Csi Coxb } GSH( Csi Coxb ]

- +
[1 " 2°“st$
Coxb

dy’ . .
Y 14250 12 1425 |12
Coxb Coxb

Putting the values of Eqn. 4.25 and 4.26 in the Poisson’s equation, mentioned in Eqgn.
4.1,

si

(4.26)

s (%) | P (xy) _aN,,

dx’ dy’ &g
C C c C
2 X)| 14—+ 2V, X X
d ¢51(X) Nos b _ P )[ Ci  Coxp j " GS”[ Ci  Cox j _ OGN,
dx? i _ _ _
[1+ 2Cs'sti2 (1+ 2Cs'sti2 (1+ 2‘:S'JTsi2 o
Coxb Coxb Coxb

75|Page



Chapter 4 | Surface Potential and Electric Field of GCDMDG

c, C c, C
2¢, (x)[1+°x+°xj N [omrox]
= d2¢51(X) _ * Csi Coxb — qNa1 _ 2\/GS,b _ o Csi Coxb (4 27)
dx? _ : _ _ '
" [1+ 2°5'st5 5 (1+ 2‘:5']15 (1+ 2‘:5']13
Coxb Coxb Coxb
Putting,
c, C
2(1+C°"+C°XJ Y ZVGSH["H”X]
_ Csi Coxb _ qNal _ GS,b _ Csi Coxb
a= and S, = (4.28)
(1+ zcsiJT; “ [1+ 2°SijTj [1+ ZCS‘jTSf
Co><b Coxb Coxb
Then,
d?¢., (x
¢Sl( ) - a¢Sl(X) = ﬂgcl (429)

dx?
To calculate the surface potential under the n* polysilicon gate material for GCDMDG

consider Eqn. 4.7, ¢, (X,y) =, (X)+a,, (X)y +a,,, (x)y?. Putting the values of

8y, (x) and a,, (x) from Eqn. 4.19 and 4.23,

t

0X

C c, C
Ve, — 6 (x)[1+<>x+w]+v [ox+ ox]
-V esh ~ Y2 . 2|
¢gcz(XnY)=¢32(X)+EOX(¢SZ(X) GSf2]y+ Ci  Coo Ci Cp yz (4.30)

Si

Differentiating Eqn. 4.30 twice with respect to X,

A%y (X Y) _ d%6s,(X) (4.31)
dx? dx?

Considering double derivatives of Eqn. 4.30 with respectto vy,

C C C C
29, ( X (1+°X+°X] 2V, ("X+°Xj
d2¢gc2(xvy)= Nss _ 82( ) Ci  Cow + o Csi  Cow (4.32)

dy? | |
y @+2%Jn5 @+2%j1$
Coxb Co><b

Putting the values of Eqn. 4.31 and 4.32 in the Poisson’s equation, mentioned in Eqn.
4.2,

@+2%)n3

oxb
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d2¢gc2 (X’ y) 4 d 2¢902 (X’ y) — qNaZ
dx? dy* €

si

C C C C
2 X)) 1+-2+=2 2V X O
d 2¢52 (X) + 2VGS,b ¢SZ( )[ Csi Coxb j oot [ Csi Coxb j qNaz

7T - ’ B
(1+ 0 G jT; [1+ 2CS‘sti2 [1+ 2CSijT; &i

oxb oxb oxb

C, C c C
205, (X (1+°X+°Xj 2V [ox+ox]
— d2¢32(x) _ SZ( ) Ci  Coxp _ qNaz _ 2VGS,b _ 1 Ci  Coxp (433)
2
dx (1+ zcsiJT; & (1+ 2 % jT; (1+ 2 % JT;
Coxb Coxb Coxb
Putting,
C C
C C N Zox 4 Yox
2| 14 Zox 4 ~ox
( i Csi i Co bj _ qNaZ _ ZVGS,b _ Gsz( Csi Coxbj
o = i o/ and By, = . - . (4.34)
(1+ zcsijTj ; [1+ 2sisti2 [1+ zsistf
oxb oxb oxb
Then,
d?¢p., (x
#() = sy (X) = Pz (4.35)

4.2.1. Solution of Partial Differential Equation

2
From the Eqn. 4.29, dzs—lz(x)—a%l(x) = B - Let ¢ (x)=e™, where e™ =0, s0,
X

_ aMx

o o a4, (x)
the trial solution will be T—a¢81(x):o. Now, ¢ (x)=e™, so,

d?¢.. (x i i
ﬁs—lz() =m?2™. From the trial solution,
X

mzemx _aemx =O
:emx(mz—a)zo as e™ =0
3(m2—a):0

>m'=qa

7T7|Page



Chapter 4 | Surface Potential and Electric Field of GCDMDG

:>m:i\/5

So, the roots are real and distinct. Now the C.F are
CF=x =Ae"* +B eV (4.36)

Where, A, and B, are two arbitrary constants. P.1 of the Eqn. 4.36 is

Pl=——p.u (4.37)
-«

2 2
[if, di:Dand %:DZ, then dﬁs—lz(x)_a%l(x):ﬁgﬂ can be written as
X X

(D2 —a)¢51(X) = ﬂgu]

1

=3l
a
-2 1—%T »
= _é 1+ D_ZJ B [Binomial expansion]
= _% [Taking the derivatives]

So, the complete equation will be ¢, (X) =C.F+P.I

¢Sl(x) = Agce\/zx + Bgceﬂ/a—x - &
(04
= ¢, (X)= A +Be " +0, [puttingv/e = 4 and —'B;ﬂ —o,] (4.38)
Similarly, ¢, (x)=C,e’*™ + D e """ + 5, [putting —’BE:Z =0,] (4.39)
From the boundary condition in Eqgn. 3.14 for GCDMDG,
¢gc1(|—1’ 0) = ¢ch(L1’ 0)
Putting the values in Egn. 4.38 and 4.39,
A’ +Be M +o,=C e’ 1D et 1 o,
= A" +B e +(0,—0,)=C, + D, (4.40)
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From the boundary condition Eqn. 3.15,

d¢gcl(x’ y) | _ d¢gc2(xly) |
dx  h dx *=h

Putting the values of¢51(x) , ¢32(x) in Egn. 4.38 and 4.39 and consider the derivatives

of the surface potentials,

de, (x _
Sle( ) |X='-1:/1Agceﬂl —ABye "
d¢51(x) an AL
:T|X:Ll:,1(p\gce —B,e ")
.. dg., (X ~ o
Similarly, %lxgzﬂcgceﬂh L) ~AD,e Ab-L)
dg., (x
= 80y (e, -o,)
According to boundary condition Eqgn. 3.15,
dg(x), _ d,(x)

dx b= dx

= (Cy, ~Dy) = (Agce“l - Bgce’“‘)

Solving Eqgn. 4.42 and 4.43 the final values of the constants are

Cye = (Agceﬂl + A% ;"2 j

|x:Ll= ﬂ’(cgc - Dgc) = ﬂ’(AgceiLl - Bgcei/“_l)

And D_ :[Bgcem +%]

Again from boundary conditions of Egn. 3.16 and 3.18,

042 (0,0) = 45, (0) =V, and ., (L + 1,,0) = s, (L + L) =Vyy, +Vis
Putting the values in equation,

gy (X)= Ae™ +B e +0,

= 61 (0) = A +Be 0+ 0

h

= #6,(0)=A.+ By +0y =Vyi,

= Bgc =Vbi1 - Agc — 0

= Agc =Vbi1 - Bgc — 0

From another condition, Eqgn. 3.18, putting the values,
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b, (x)=C e + D e 1 g,
= ¢, (L+L,)= CgCeA(L”Lz_Ll) + Dgce’ﬂ(L”Lz_Ll) +0, =Vy;, +Vps
= ¢, (L +L,)=Ce"" +D e ") +0o, =V, +Vis

Putting the values of C_ and D, from Eqn. 4.44 and 4.45,
¢, (L +L,)= (Agce‘L1 + A% ;GZ jel(m + [Bgce“L1 + 2% ;GZ Je“(“) +0, =V, +Vos

= Aetett) 72 ; T2 gl) 4 Bethg k) 4 (—Ul ; % jeﬂ“z) +0, =Vy, + Vs

= At +B e+ 22 ; T2 (e‘(LZ) + e“(LZ)) =V, +Vps — 0,

= A" +B, e +(0,-0,)cosh(AL,) =V, +Vps -0, (4.48)
Now put the value of B, from Eqn. 4.47b,

= A" +(Vy, A, — 0 )e " +(0,— 0,)cosh(AL,) =V, +Vps — 0, (4.49)

= At -Ae "+ (Vbil —al)e“L +(0,—0,)cosh(AL,) =V, +Vps — 0,
= A, = {(Vbi2 +Vps —0'2)—(Vbil —O'l)e_/“' —(o0,—0,)cosh (ALZ)}(l_e;—Z;L) (4.50)

Putting the value of A from Eqgn. 4.47b and 4.48,
A’ +By e +(o, —o,)cosh(AL,) =V, +Vps — 0,

= (Vy, =By, — ;)€™ + By + (0, — 0, )cosh (AL, ) =Vy,, +Vps — 0,

= (Vbil —al)eiL -B,e* +B e + (o0, —0,)cosh(AL,) =V, +Vos — 0,

= By, (6" —e ") =(V,, —0y)e™ —(Vy, +Vos — 0, )+ (0, — 0, )cosh (AL, )

gc

-AL

£
(1_ e—uL)

The electric field can be found out from the derivative of surface potential expression.

= By, = {(Vy, —01)e™ = (Vy, +Vos — 0, ) + (0, - 0, )cosh (AL, )} (4.51)

The electric fields for two different regions have been discussed in Chapter 3 (Eqn.
3.66a and 3.66b),
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Ey(X)= M%((X) |,-0= AAe™ —B e, 0<x<L, under M;and

Ee ()= 22200 per D ge 0, L<x<Lunder Mz (4.52)

If the temperature of the device is changed it affects its bandgap energy, doping

concentrations, and thermal voltage. These constraints automatically change the
surface potential and electric field. The effect of temperature on the model has been
discussed in detail in Eqn. 3.59-3.62. That properties are also incorporated in the
GCDMDG MOSFET structure and the changes are compared. The Si-HfO- interface
introduces interface charge density that has been considered here. The respective
model is described in Egn. 3.63-3.65. For better compatibility gate stack concept has
been introduced in the model (Eqn. 1.4).

4.3. Results and Discussions

To analyze the recommended analytical model for fully depleted GCDMDG
MOSFET and the TCAD synthesis of the surface potential and electric field variation
throughout the channel of the structure, different design parameter values have been
considered (Table 4.1). All design parameters data, namely doping concentration for
two regions, has been taken from (Goel et al. 2016; Reddy, 2005; Narang, 2013) and
voltage dimension has been considered from (Contreras et al. 2010). In contrast to the
DMDG structure with GCDMDG, the model for this case was developed from Table
3.1. The proposed structure has shown excellent conformity with the results of TCAD
simulation.

Figure 4.2 represents the evaluation of surface potential in contrast with the
position of the channel for GCDMDG device, using SiO2 and HfO> as the oxide
materials. It is found that like DMDG structure two separate lobes have been generated
in the surface potential. Also, the two lobes are of two different values. As a result, a
clear step like function has been formed. It also depicts that using high-k material, the
value of the surface potential is lowered than using SiO, material. Not only that, but
also the nature of the characteristics using high-k is more flattened than the material
which is conventionally used, whereas the peak values at the drain side are found to

be the same.
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Table 4.1: Design Parameter Values for GCDMDG Potential

SI. No. Parameters

1.

2.

10.

11.

12.

13.

14.

15.

16.

N, - Uniform body doping concentration

N - Doping concentration near source side

N, - Doping concentration near drain side
N, - Source/ Drain doping concentration

L - Device channel length

L, - Gate length of M, p* Polysilicon
L, - Gate length of M, n* Polysilicon
T,;- Thickness of film

n; - Intrinsic carrier concentration

tox - Gate oxide thickness

T« - Back gate oxide thickness

Vs - Drain source voltage

Vs - Gate source voltage

« - Arbitrary Constant

[ - Arbitrary Constant

Q, - Interface charge

Values

1x10% cm
1x10* cm
1x10%* cm
5x10%° cm3
100 nm

50 nm

50 nm

12 nm
1.5x10%° cm
1nm

1nm

0.8V

015V

4,73 x 10* eV/IK
636 K

1.6x10? C/cm?

It has been discussed in the previous chapter, that the step like function has been

generated due to the presence of two different work functioned materials at the gate.
The GCDMDG structure is comprised of DG and DMG structures. So the lower lobe

IS generated at the high work function material and the higher lobe is generated at the

lower work function material. It has also been found that keeping the other parameters

are same, the generated surface potential is lower using high-k material than SiO,.
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Thus, it can be concluded that for small dimensions using high-k in the device, better
characteristics can be achieved which may help to overcome the short channel effects.
Both DMDG SOI MOSFET and GCDMDG SOl MOSFET devices generate the step
like surface potential characteristics due to different work function elements at the

gate.

2.0

—=— Analytical Model (SiO,)
1 TCAD Model (SiO,)
—&— Analytical Model (HfO,)
T+ TcAD Model (Hf0,)

= =
o ol
1

Surface Potential (V)

o
o
1

(IJ 2I0 4IO GIO 8IO 1(I)0
Position along the Channel (nm)

FIGURE 4.2. Change of surface potential with the channel position

Figure 4.3 signifies a comparative study of surface potential with different
positions of the channel between (a) DMDG and (b) GCDMDG structures for identical
parameters mainly with similar oxide thickness using conventional and high-k oxide
materials SiO> and HfO2. The generated value of the surface potential is higher for
graded channel DMDG structure over uniform doping DMDG structure. It is also
revealed from the figure that the lowest value of the surface potential is closer to the
source side for both DMDG and GCDMDG structures. In accordance with GCDMDG
structure the surface potential rises because of different doping concentrations present
at the substrate region. It is found that the GCDMDG structure introduces the highest
value of surface potential over others (Goel et al., 2016). It helps to produce the highest
threshold voltage and reduces the unwanted current that is usually generated due to
SCE. It is clearly evident from the results obtained that using high-k material the

surface potential becomes negative for DMDG structure. The negative value of the
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surface potential may create a negative threshold voltage which will change the device
characteristics. GCDMDG’s structural properties help to modify it. The lowest value
of the surface potential near the source side provides better screening of the channel
over the drain to source voltage. The surface potential generated using high-k materials
like HfO2 is smaller than SiOz. So, there will be a choice to enhance the oxide thickness
value using HfO- to produce a similar surface potential like SiO». Using of GCDMDG

structure, a better device performance can be achieved

2.0

—u— Analytical Model (a) —a— Analytical Model (a)
—e— TCAD (a) } —o— TCAD (a)
15 Analytical Model (b) // Analytical Model (b)
?_, —v—TCAD (b) A —v—TCAD (b)
—_ '/{
g 1.0 4 'vaVWV"'":’
c /v..mmmll
(<5} b
g1 #
o 0.5 hv '/{
(b} \‘\V' ¢
% 8 Y¥yyyyyyxyx?,
%= 0.0 Songagagaansst
>
@ SiO) HfO2
0 20 40 60 80 100 0 2 40 60 80 100

Position along the Channel (nm)

FIGURE 4.3. Change of surface potential with the channel position

As discussed in Chapter 3, with the change of temperature, the values of some
essential parameters integrated into the surface potential are changed. These changes
have an enormous impact on surface potential. Fig. 4.4 represents the change of surface
potential with the position along with the graded channel DMDG structure at different
temperatures. With increasing temperature, the surface potential goes up irrespective
of the position along the channel as well as oxide materials. Using the boundary
conditions and other relative expressions with bandgap energy, carrier concentration,
thermal voltage, etc. that are required to construct the surface potential expressions are
also changed with temperature. As a result, the surface potential also increases. But in
the case of high-k material the increment is lesser than using SiO2 keeping other
parameters same. For both the devices, i.e. DMDG and GCDMDG structure, the
surface potential increases with the increment of temperature. At very high
temperature (Fig. 4.5) (near about 410k) the surface potential of the GCDMDG
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structure increases more than DMDG, whereas at low temperature the difference
between them is negligible. Thus, it is evident that with the increment of temperature
the difference becomes prominent.

2.0
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Analytical Model (240K) —<— TCAD (240K) | yuc €
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FIGURE 4.4. Surface potential with position along the channel for GCDMDG
at different temperatures
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FIGURE 4.5. Comparison of surface potential with position along the channel for
high temperature (410K)

Oxide thickness is an important parameter to control the SCEs. In the small scale
dimension, the thickness of the oxide level is smaller and could not behave like an
insulator. As a result of SCE increases which is evident from Fig. 4.6. Again with

decreasing value of oxide thickness the surface potential with respect to position across
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the channel also decreases. This particular nature of the surface potential helps to
generate a low value of threshold voltage. Low threshold voltage increases unwanted

current which is generated due to SCEs. Using high-k material, the generated surface

—=a— Analytical Model (0.5nm) —=— Analytical Model (0.5nm)
—e— TCAD (0.5nm) —e— TCAD (0.5nm)
Analytical Model (1.5nm) g Analytical Model (1.5nm) T
— —v— TCAD (1.5nm) J —v— TCAD (1.5nm) |
>15 Analytical Model (2.5nm) i Analytical Model (2.5nm) ‘
= —<— TCAD (2.5nm) pH TCAD (2.5nm)
< & i
o /4,Vl ﬁ
g 143;1// 4 = 43
101 3 it 1 R g
+— !
o W gantaneiait fu I
8 ) | /
& & 4 { | i
o5 i o
> oX!. ]
) b v.<<44 P 44:,'
\l "v':""««'v"{
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Position along the Channel (nm)

FIGURE 4.6. Development of surface potential with position of the channel for
different oxide thickness

potential is lower compared to SiO.. So to produce the same surface potential, the
oxide thickness can be increased using high-k and minimize the SCE problems.

The gate voltage is a vital factor for any device performance. By applying the
proper gate voltage the device changes its mode from accumulation to the inversion
region. The gate voltage also helps in channel formation at the inversion region. It
supports to increase the amount of drain current flow through the channel before punch
through. It is observed from Fig. 4.7 that with increasing gate voltage the potential
increases. With the applied gate voltage a large number of negative carriers are induced
at the channel region. The applied voltage and charged particles increase the potential
difference between them.

The surface potential characteristics with position along the channel for different
control (L1) to screen gate length (L>) ratio is represented in the Fig. 4.8. The source
to channel barrier height changes with the increasing ratio of L1 and L». It can also be
stated that the minimum value of the surface potential is shifted with them irrespective

of the oxide material. On the other hand, the peak value at the drain side is decreased
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with the decreasing ratio. Thus, it can be concluded from the illustration that with the
shifting of minimum surface potential, the threshold voltage is also shifted with an
increasing ratio of control to screen gate ratio. Shifting of threshold voltage towards
drain side may reveal the optimizing threshold voltage roll off whereas the DIBL

effects can be reduced with decreasing length ratio (Goel et al., 2016).
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FIGURE 4.7. Surface potential characteristics with position along the
channel for different gate source voltage
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The oxide layer over the Si substrate of the device generates a Si-SiO- interface.
This type of interface also generates some interface charge, in between them at the
time of fabrication. Interface charge has a lot of influence over the device performance
depicted in Fig. 4.9. In view of the effect, the surface potential characteristics have
been compared in between the two device structures. For simplicity, only the positive
value of interface charge has been considered here. Figure 4.9 illustrates that the
surface potential increases when the interface charges are incorporated in the device
structure for both oxide materials. According to Suddapalli and Nistala (Suddapalli &
Nistala, 2021), with the increasing surface potential of GCDMDG structure for the
positive value of the interface charge, the minimum value of the surface potential also
increases. As a consequence, the roll off nature of the threshold voltage decreases.
Sometimes the minimum central potential value shifts to the drain side which helps to

minimize the DIBL effect.
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FIGURE 4.9. Surface potential with position along the channel including
interface charge

The variation of the electric field with position along the channel for the
GCDMDG structure has been illustrated in Fig. 4.10. The generated characteristics
show the step function irrespective of the oxide material. It is revealed that the average
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Figure 4.10. The electric field with position along the channel for GCDMDG

electric field is almost zero throughout the channel except for adjacent to the source

and drain channel junction. However, the magnitude of the electric field increases with

the high-k material. Normally the electric field is generated from the surface potential.

So the step like function is produced due to the presence of two different materials
with different work functions at the gate (Goel et al., 2016; Kumar & Chaudhry, 2004).
Comparing with the electric field of the DMDG structure (Chapter 3), the GCDMDG

structure does not show any significant change. At high temperature, the magnitude of

the field becomes higher at the vicinity of the drain channel junction and lower at the

source-channel junction than low temperature but the average value is constant at zero

level, which has been observed in Fig. 4.11.
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4.4, Summary

Scaling down the device has the challenge to shrink several parameters of it. It
introduces some complications in the device. Reduction of the width of the gate oxide
increases the gate tunneling effect. To overcome such type of difficulties, the effective
oxide thickness should be improved without converting the device dimension. Using
SiO2 material oxide interface, the device has some limitations. In accordance with
HfO, the oxide thickness can be improved of the DMDG structure without inducing
the surface potential. Using different doping concentrations at substrate the graded
channel DMDG structure can be formed. At different temperatures, the surface
potential for the GCDMDG structure can also be increased for the minimum thickness
value of the oxide level. It has no such effect on the electric field of DMDG structure.
Comparing to the SMDG structure, in the DMDG and GCDMDG structures, the
electric field decreases at the drain side which helps to generate fewer amount of hot
carriers in the channel and reduces the impact ionization. Thus, the GCDMDG
structure provides maximum advantage over the DMDG structure as it improves the
short channel immunity, increases the controllability of the gate, carrier
transportability in addition with reducing the hot carrier movements. From the figures,
it can be concluded that the highest source-channel potential barrier (i.e., large
threshold voltage) among DMDG, SMDG, and GCDMDG structures can be achieved
only in the GCDMDG structure. It reduces the SCEs that have been generated due to
the scaling of the device structure. Also by using GCDMDG structure HCEs, DIBL
effects can be decreased. Among all the three MOSFET devices under study,
GCDMDG MOSFET has the highest immunity to SCEs and related HCEs. Thus, most
of the difficulties that are normally generated due to the scaling down of the device
can be eliminated if the GCDMDG structure combines with a high-k material.
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CHAPTER

5

Threshold Voltage

5.1. Introduction

The threshold voltage is a very important parameter for any device. It is the
minimum value of the gate to source voltage of the MOSFET that is needed to create
a conducting path between the source and drain terminals (Neamen, 1992; Nicollian
etal., 1982). Itis also an important scaling factor to maintain power efficiency at which
the device turns on and starts to conduct. When the gate voltage is above the threshold
voltage, the “enhancement-mode” transistor is turned on. Sufficient amount of charge
particles accumulate at the channel that has been generated at the oxide silicon
interface and they start to diffuse from source to drain (Cerdeira et al., 2008; A.
Cerdeira et al., 2008; Chiang, 2016; Francis et al., 1994; Maity et al., 2015; Suzuki et
al., 1995; Tsormpatzoglou et al., 2007). On account of applied bias between source
and drain the charged particles move in specific directions and current starts to flow.
In this chapter, the threshold voltage for DMDG and GCDMDG structures has been
established.

DMDG (Kumar & Chaudhry, 2004; Kumar & Reddy, 2004; Kumar et al., 2016;
Narendar & Girdhardas, 2018) architecture, where the potential profile of the surface
region is modified to enhance the efficiency of electron transport, improves the
transconductance and drop down the drain conductance. In the DMDG structure
(Chaudhry & Kumar, 2004b; Chen & Kuo, 1996; Goel et al., 2016; Jin et al., 2010; N
P Maity et al., 2019; Noor et al., 2016; Reddy & Kumar, 2005; Schaller, 2004) there
are two threshold voltages for two different gate materials (p* and n* polysilicon) (Kaur
et al., 2008; Maity et al., 2017; Maity et al., 2018; N. Maity, R. Maity, & S. Baishya,
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2019; N. Maity, R. Maity, S. Maity, et al., 2019; Maity et al., 2011; Maity et al., 2016;
Narendar & Girdhardas, 2018). One of them is dependent and the other one is
independent with several device parameters (oxide thickness, channel length,
temperature, etc.). Threshold voltage can also be calculated from a minimum value of
the surface potential of the device. The minimum surface potential will be generated
under the high work functioned gate region. As p* polysilicon has a higher work
function than n* polysilicon so the minimum value of surface potential lies under p*
polysilicon region, hence the threshold voltage. The threshold voltage that has been
generated for n™ polysilicon gate material has a higher value and is independent. The
lower one varies with the several device constraints and it is considered as the prime
threshold voltage for DMDG device.

In GCDMDG structure, due to the dual-material gate, two threshold voltages
are present (Kaur et al., 2008). These values are higher than DMDG. In this structure
the threshold voltage decreases at a very small value of channel length (10 nm), and
increases several SCEs. These problems can be overcome using GCDMDG structure
(Narendar & Girdhardas, 2018). The threshold voltages remain almost constant with
the channel length (N. Maity, R. Maity, & S. Baishya, 2019) and no rolling off nature
can be seen. The model has been established by varying several criteria like channel
length, film thickness, oxide thickness, temperature change, work function difference
and drain source voltage, so that a clear reflection can be seen how the threshold
voltage (Suzuki & Sugii, 1995) changes with several parameters. In this chapter, the
DIBL(Khan et al., 2008) and subthreshold swing (SS) (Abd EI Hamid et al., 2007;
Tosaka et al., 1994) have also been estimated for the device structure. Better
performance can be seen using high-k material (Chaudhry & Kumar, 2004a; Maity et
al., 2018; Niladri Pratap Maity et al., 2019; Salmani-Jelodar et al., 2016). To remove
the interface charge, the gate stack concept has also been incorporated here (Maity et
al., 2020; Maity et al., 2016). A very thin SiO2 layer has been established below the
high-k material so that Si-SiO> bonding is very good and generates a minimum
interface charge. In the first part, the threshold voltage of the DMDG structure has

been established and discussed its variations with several factors.
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FIGURE 5.1. 3D representation of an asymmetric SOl DMDG structure

5.2. Analytical Model of Threshold Voltage for DMDG MOSFET

In SOI DMDG structure (Fig. 5.1), p* and n* polysilicon have been used at the
top gate and n* polysilicon is used at the back gate. To generate a simplified analytical
model, this structure can be considered as two DG structures. One structure is with p*
polysilicon at the top gate and n* polysilicon at the bottom gate and another structure
is with n™ and n™ polysilicon at the top and bottom gate, respectively (illustrated in Fig.
5.2). Threshold voltage V,, can be defined by the interaction between two gates. This
type of DMDG structure generates two threshold voltages for two different gate

materials, Vi, and V,, respectively.

Vi, generated for p*-n* DG MOSFET and V,, is generated for n*-n® MOSFET.

The threshold voltage can be defined by the work function of the gate materials. As
the work function of the p* polysilicon is higher than n*, so the minimum value of the

surface potential lies under the p* polysilicon region. The threshold voltage is very

much depends on the minimum value of the surface potential so Vthl has a smaller value

thanVy, , whereas the resultant threshold voltage of the device depends on the
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combination of these two values. V,, can vary with t, and T of the device but Vy, is

insensitive to these parameters and it has a constant value of 1V.

Same t,, applied for both gates, the channel doping concentration N, is constant
throughout the channel and the same gate source voltage applied for both the gates.
Researcher Suzuki has explained about threshold voltage in DG MOSFET (Khan et

al., 2008) in which the potential distribution in the subthreshold region is almost

constant and it is shifted with the applied gate voltage.

p+

FIGURE 5.2. Representation of two double gate structures of DMDG

At first, the inversion layer is formed below the n* polysilicon gate of the p*-n*
double gate structure and the potential distribution changes linearly to fix the surface
potential. After that, the inversion layer is generated below the p* polysilicon gate. So,
this structure has two different threshold voltages concerning two different polysilicon
materials. The threshold voltage of n*-n* double gate SOl MOSFET (the value of
threshold voltage generated due to front gate with n* polysilicon and back gate with n*
polysilicon) (Reddy & Kumar, 2005) is,

b\ Qq deg () 1 1 4c,
Vio (N7 =1") =Vey +26, + ; {1+(vT 3 j}{408i + }+vT In(VT 5 j (5.1)

C si

0X

where, thermal voltage, the Fermi potential expressed in Eqn. 3.5, ¢- =V, In [ﬁj
n
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n.- intrinsic carrier concentration. The flat band voltage of n* polysilicon can be
expressed as,

N +
VFBJn =V In(nN—pOIy] (5.2)

a

where N oy is the doping concentration of n* polysilicon. The flat band voltage also

ol

can be expressed as Eqn. 3.3, Vg 1, = Byso = Buo — 9y

The space charge/unit area in the case of semiconductors is,
Q, =aN,T, q - electronic charge, (5.3)

Considering the body effect, Eqn. 5.3 can be expressed as,

Qsi = {qusiNa(2¢si +VSB )} (54)

E
where, @, is the work function of silicon, describe in Eqn. 3.5, ¢, = X +(2—é]+¢F

and Vg is the body bias.

S 2 Eq . e - . . .
Considering, C,, =—, ¢, ==, For simplification, the gate oxide thickness is

si
to>< Si

multiplied by a factor y, where y is the fraction of the permittivity constant of Si to

the SiOz.
&g .
y=—-=3 (Considered here). (5.5)
(02,4
P polysilicon SiO: Si Si0O: n* polysilicon
Vin
(p™-n™) E T B
AV,
AV
Tsi \L
Vinz
(n"-n™) Frtox © P D Lo

n' polysilicon
C

FIGURE 5.3. The schematic diagram for the potential distribution of DMDG
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Following the method of Suzuki (Suzuki & Sugii, 1995; Suzuki et al., 1995) with
little modification, the model of the threshold voltage for the DMDG structure, the
potential distribution with respect to gate voltage at the several sections of the device

is derived (Fig. 5.3). Based on the schematic representation, the analytical model of
Vi, for the device can be derived geometrically. The potential distribution

representation (Fig. 5.3) is generated when the channel has been induced below the n*
polysilicon. The potential distribution is constant for the entire channel region under
the (n*-n*) double gate MOSFET, and the device is switched on when,

P =Vth2 _VFB‘fn (5.6)
The potential distribution under the (p*-n*) double gate MOSFET produces a gradient
nature due to the difference in flat band voltage (Fig. 5.3). Also, the distribution shifted

parallel with the applied gate voltage. The threshold voltage for p*-n* DG SOl
MOSFET can be calculated from the similar triangle ABC and AED of Fig. 5.3.

— t_nt (ytox-l_Tsi)
le _Vth(n ! )X{(7t0x+7toxb +Tsi) XAVFB (57)

. . . t +T,
vy 424+ Sdta v (L 2 Ly nf v e | ) XAV,
" 2 Qsi 4Csi Cox Qsi (ytox + ;/ t0><b +Tsi)

As the gate voltage increases the line AD changes its position and overlaps with FD.
By this time the inversion layer is completely formed below the p* polysilicon gate
and that is similar to,

- ! 4\l 11 4,
Vi, =V (N =1 ):vFB’m+2¢F+%{1+[vT o JHH%_}WT In(vT Q’] (58)

Sl 0X

Vin, Mainly depends on t,, and T because only these two parameters are connected
with the gates. For (t,, /T, )=0.17 the value of V,, =0.2V. But V, (n" —n") and AV,
are independent parameters and not related with t,, and T . Both the channels take
part in conduction when the gate voltage becomes higher than Vthz . Now,
(AVFB =Ves. —VFB'bn) is the variation between flat band voltages and generates at

front and back gates. Due to the SCE, the threshold voltage is shifted by AV, amount
for DMDG SOI MOSFET,
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AVy, =2 U/ eié¢sth (5.9)

where,

-1
s :Vbi _VGS f1 +{AVFB (2(]—+L]J } (5.10)
| 271,

(Vbi +Vps —Ves 12 ) Sinh (;j +7,Sinh (I;J

1
n, == (5.11)
2 cm(“j Sinh(l‘z}r Sinh(Lij Cosh(12)
4 X 4 x
2C c, ¢,
=T || 1+ =80 2] 14 =% 4 T 5.12
Z ° \/( Cair ]{ [ Cair Csi j} ( )
£ L (5.13)
2(7TSitox)
Finally, the threshold voltage expression for DMDG SOI MOSFET is,
Vin =V —OAV,, (5.14)
where i=1or2, p=kL —225 and k' =185/ um and
0 :1_{M} (5.15)
pL

But, when, L, =L, then 6 =1.
The DIBL for the DMDG MOSFET structure can be defined as the difference in
threshold voltages when the drain voltage is increased from the linear region to the
saturation region (Lee et al., 2010).

DIBL =V, (Vps = 0.05V) = V,, (Vys =1V) (5.16)

Subthreshold swing (S) is a specific quality of the device. It is the transformation of
gate terminal voltage required for modification of one decade of subthreshold drain
terminal current. In this case, the subthreshold swing of the device structure can be
defined as (Tosaka et al., 1994),

V10
- {1-2exp(-p)}

(5.17)
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e

In previous chapters, it has been discussed that with the change in temperature,

p= (5.18)

the bandgap energy, carrier concentration and thermal voltage of the semiconductor
change their values accordingly (Eqgn. 3.59 to 3.62). The temperature effect also has
been incorporated in the threshold voltage expression. A comparative study has been
made in between SiOz and high-k material HfO> for all the characteristics. Using high-
k material directly will generate some other difficulties which have already discussed
earlier. To overcome it, the gate stack concept has been introduced in the design (Eqgn.
1.4).

5.3. Analytical Model for Threshold Voltage of GCDMDG MOSFET

The 3D view of the asymmetric SOl GCDMDG structure is represented in Fig.

5.4. The doping concentration of the semiconductor substrate (N, )is not constant

here. It gradually changes from source to drain side. In graded channel structure the

higher concentration region (N, )is present near the source side and the lower

concentration region (N, )is present near the drain side. Similar to DMDG structure

+

p" - n* polysilicon combinations have been used at the front gate and only n*

polysilicon is used at the back gate. Due to the presence of two different work function

materials, two different threshold voltages have been generated, those are V... and

GC,th,

V,

GC,th,

respectively. V. . mainly depends on oxide width below the gate t, and (T;)

C.th,

but v

GC,th,

is insensitive to these parameters. Normally v, is considered as the

working threshold voltage for the device.

The minimum surface potential will be generated under the p* polysilicon as the
work function is higher than n* polysilicon and also the higher work functioned
polysilicon is at the top of the higher concentrate region. The threshold voltage mainly
depends on the minimum surface potential. Oxide thicknesses are the same and the

same voltages at both gate-source junctions have been applied. To estimate the
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threshold voltage, the surface potential of GCDMDG structure has to be considered.
Using the 2D Poisson’s equation described in (Eqn. 4.1 and 4.2), vertical potential
distribution (Eqgn. 4.7a and 4.7b) and boundary conditions (Egn. 3.7 - 3.18) the
analytical model of the surface potential distribution is discussed in Chapter 4 (Eqgn.
4.11- 4.51).

FIGURE 5.4. 3D representation of SOl GCDMDG

Minimum surface potential value being applied to compute the threshold
voltage, because at this condition the minimum surface potential is equal to twice the
bulk potential (Goel et al., 2016).

¢S (Xmin ) = 2¢F (5.19)

The minimum surface potential of the front channel can be calculated from ¢, (x) and

s, (x), from Eqgn. 4.38,
Py (X) = Agce/lx + Bgceﬂix +0;

Considering the derivative of the surface potential for minimum value,

d¢Sl (X) |
dX *min

=

=A e —B e =0

= A Jemin =B _Jg~*"min
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= A; e/lxmin — B e—ﬂxmin
c qc

/lxmin
- ijc B ee—/lxmin :e(ﬂﬂl)xmin
- ijc — @ ki (5.20)

Considering the logarithmic value of both sides of Eqgn. 5.20,

B
=In—-=

=In(exp24x,;,)
=In—L=24x_
= Xiin = 21 Ag (5.21)
Putting the value of X, from Eqn. 5.21 in Eqn. 4.38 of ¢, (X),
1, Bgc _ 1| Bgc
oA g A
nfEE .r@
=@y, (X)=Ae “+B,e +o0,
B A
=@, (X)=A, . |-E+B |t +0o
S1 AJ Agc Bgc 1
= ¢5(X) = JAB, +AB, +0;
:¢51(Xmin) :2‘\} Achgc +61 (522)

Similarly, from Eqn. 4.39
b, (x)=C, e 4 D e 1 g,

Considering the derivative of the surface potential for minimum value,
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dds, (%)

2 2], = Cote’ " D, 2607 =0

— Cgcﬂeﬂ(xminfl-l) — Dgclefi(xminfl-l)

A(Xmin—L) _ —A(Xmin — L4
= C,e*mn~h) = p_g~*(mn )

= —L =exp2A (X, — Ly)

gc

Considering the logarithmic value of both sides of Eqgn. 5.23,

= =In(exp2 (X, — L))

gc

D
=In—==24(x;, - L)

Cye
1
=(x. —L)=—In=—=
( min Ll) 21 Cgc
:Xmin: 1 2 +L1
24 C,,

Putting the value of X_;, from Eqn. 5.24 in Eqn. 4.39 of ¢52(x),

1 gc 1 qc
(Zﬂlncch‘l Llj [2/1|an0+|'1 Li]
ds,(X)=C,e +D,e + o,

:>¢SZ \/Cgc gc +\/Cgc gc +O—2

= s, (X ) = 2/Cy.Dy. + 0,

min gc ~gc
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Now, the minimum surface potential can be calculated as,

¢S (Xmin) = min(¢51(xmin)1¢s2(xmin )) (526)
Minimum surface potential is generated at the high work function polysilicon material.

So, ¢51(Xmin) has the lowest value. Now, at threshold voltage condition described in

Eqn. 5.19

¢Sl(xmin) = 2¢F1
Putting all the values from Eqn. 5.22 and Eqn. 4.6a,

¢51(Xmin ) = 2¢|:1 = 2VT |n£ ’\rllalJ

2 pbcsgcmlzzg.n(%j

o zzﬂ.r{&}z AE.
1 q N

:—'309;1 =2¢-,—2,|/A,B,  [Putting the value of 0; from Eqn. 4.38]

:%: 2(\/ Achgc _¢F1)

Putting the values from Eqgn. 4.28

C gN_, T,
2| x|y _ A Talsi
ﬂgcl _ [Tsigsi J( e 2Cox

).,
e ~2((A5; ~n)
)

C

0X
Tsi gsi

After solving this, the gate voltage will be,

N T.
Ves =20, - Zerme * %

0X

This gate voltage is equal to the threshold voltage. So,
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qNaTsi
VGC,t}"h :VGS = 2¢F1 - Z\I(Achgc) +VFB,fp +C—l (5.27)

ox

where, Vi 4, s the Threshold Voltage of the device. Like the DMDG, the temperature

effect (Egn. 3.59 and 3.62) on threshold voltage is also studied in the GCDMDG
structure. All the characteristics have been considered for the comparative study with

SiO2, high-k material and gate stack concept (Eqn. 1.4).
5.4 Results and Discussions

Table 5.1. Design parameters to evaluate Threshold Voltage

SI. No. Parameters Values
1. N, -Uniform body doping concentration 10% cm®
2. N,, - Substrate doping concentration near the source 10* cm?®
3. N, - Substrate doping concentration near the drain 10* cm?
4. N, - Source/ Drain doping concentration 5x10% cm®
5. T.- Thickness of film 12 nm
6. L - Device channel length (for DMDG model) 40 nm
7 L, - Gate length of M, p*Polysilicon (for DMDG model) 20 nm
8. L, - Gate length of M, n* Polysilicon (for DMDG model) 20nm
9. L - Device channel length (for GCDMDG model) 100 nm
10. L, - Gate length of M, p*Polysilicon (for GCDMDG model) 50 nm
11. L, - Gate length of M, n*Polysilicon (for GCDMDG model) 50 nm
12 ;- Intrinsic carrier concentration 1.5x10% cm®
13. 1,4 - Gate oxide thickness 2nm
14. . - Back gate oxide thickness 2nm
15 V- Drain source voltage 05V
16. V- Gate source voltage 05V
17. " Vg - Body bias -1V

The characteristics generated from the analytical model of the threshold voltage of
DMDG structure using SiOz and HfO2 have been compared in this section. All the
design parameters that have been considered to construct the threshold voltage have
been listed in Table 5.1. For uniform doped and graded doped DMDG, the design

103 |Page



Chapter 5 | Threshold Voltage

parameters mentioned in table 5.1 are essential for determining the threshold voltage.
All of the information was gathered mostly from (Chiang, 2009; Goel, 2016; Suzuki,
1995; Suzuki, 1996; Chaudhry & Kumar, 2004) and other sources. The experimental
value of threshold voltage data for uniformly doped DMDG structure can be compared
to the generated value using these limitations (Bhattacherjee, 2017). The predicted
analytical value of subthreshold swing is likewise equivalent to the experimental result
of (Lolivier, 2004). All the analytical results are portraying outstanding agreement
with TCAD results.
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FIGURE 5.5 Threshold voltage with channel position

As per the analytical model prediction, the DMDG structure has two different
threshold voltages. These were generated due to the presence of two different work
functioned materials at the front gate as well as at the back gate terminals. The
prediction is illustrated in Fig. 5.5, which shows a comparative study of the threshold
voltage using SiO2 and HfO, materials. It is observed that the threshold voltage is
almost constant with respect to the channel length but at short channel length it
decreases. This decreasing nature is called the threshold voltage roll off. Two threshold

voltages are Vy, and V,, where V,, is 0.2V and V,, is 1.0V approximately using SiO.

But due to roll off, these values go down to -0.2V and 0.65V, respectively. Using high-
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k material, the values of Vi, and V,, are OV and 1.0V approximately. At small scale
channel length, these values go to -0.3V and 0.75V. For both the cases Vtrh vary with

t,, T,

ocr T €L, but Vi, - do not change their values at all. Rolling off nature triggers on the
device at very low voltage in case of a small scale dimension. It is detected that the
rolling off nature has been generated below 13 nm channel length using high-k
material, whereas in the case of SiO; it has initiated approximately below 22 nm
channel length. The rolling off nature is also negligible in high-k than using SiO.. So,
it can be predicted from the figure that in case of downscaling the device structure the

rolling off problem of the threshold voltage may be overcomed using high-k material.

Figure 5.6 represents the comparative study of Vthl with respect to the channel

length using SiO2, HfOy, silicon on nothing (SON) and gate stack (GS) as the insulator
medium simultaneously. Using SiO> the threshold voltage remains almost constant
value 0.2V up to 20 nm channel length, after that it is rolling off to -0.2V (approx.).
But using HfO> the threshold voltage is constant up to 10 nm channel length to the
value -0.05V, after that it is rolling down. Similar features can be observed for the gate
stack. SON means no dielectric material physically presents just above the
semiconductor substrate. The absence of material is filled with air. So practically in
the SON concept, air is acting as a dielectric medium. The threshold voltage is
comparatively high for the SON structure and rolling off nature is also high. From 40-
45 nm channel length it is declining. Thus, this concept is not feasible for downscaling
the device structure. It is cleared that, though the threshold voltage is smaller than
SiO., HfO2 will be a better candidate for the rolling off nature at downscaling the
device. Using high-k material as a dielectric medium the device can be triggered at
very low voltage but it may protect the flow of unwanted leakage current that has been
generated for the small scale dimension because its rolling off nature is also smaller
than other competitors. But to avoid compatibility problem it is better to use gate stack
structure as both of them has given similar nature. It can reduce SCEs as well as bear
the same performance.

The threshold voltage increases with the decreasing value of film thickness for
both SiO, and HfO: (Fig. 5.7.). It depicts that for a fixed channel length (L), with the
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increment of film thickness, L /T, ratio decreases. Consequently, threshold voltage

reduces. But the nature of the characteristics is dissimilar for different dielectric
materials. Using high-k material the threshold voltage remains almost constant up to
20 nm of film thickness, after that it increases and goes to 0.3V (approx.), but using
SiO> the threshold voltage increases from 50 nm film thickness and goes to as high as
0.6V. So, it can be depicted that when the dimension is scaling down, using high-k the
increased threshold voltage prevents the flow of unwanted leakage current and
removes SCEs. On the other hand, the threshold voltage is not as high as the

conventional one that delays the system.
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FIGURE 5.6. Threshold voltage with respect to channel length for different
materials SiO2, HfO., gate stack and SON

Earlier it has been discussed (Chapter 3) that with the variation of temperature
the device parameters change their values. Bandgap energy, carrier concentration,
thermal voltage and their corresponding relations have significant effects on
temperature. Consequently, it also affects the threshold voltage (Fig. 5.8). Initially,
threshold voltage decreases with the increasing value of temperature and after a certain
temperature, it increases. It is perceived from the figure that at a very low temperature
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(OK) the threshold voltage goes to 0.2V using SiO> material, it decreases to 0V at 150K

temperature and after that, it increases upto 0.5V at a very high temperature (550K).
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FIGURE. 5.7. Threshold voltage with film thickness
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FIGURE. 5.8. Threshold voltage with temperature

On the other hand, in the case of HfO, the threshold voltage is at about 0.38V at 0K
temperature. A minimum value of threshold voltage is generated at about 300K after
that it increases and reaches up to 0.2V at 500K. In the case of high-k material, the

minimum threshold voltage value is produced near to the room temperature. If the
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temperature increases or decreases from this value the threshold voltage increases. It
may help to protect the flow of unwanted current which is generated due to the low
value of threshold voltage. For SiO> this phenomenon has occurred at a very low
temperature (150K).

The thickness of the oxide level reduces with scaling down of device. Sometimes
the oxide level won’t be able to operate as the insulator medium with the reduced
value. Threshold voltage also decreases with decreasing value of oxide thickness (Fig.
5.9). Thus, it can be said that at a small scale dimension the device can be activated at
comparatively low gate voltage and it enhances the unwanted current as well as
introduces SCEs. But from the figure, it can be stated that using high-k material the
decreasing nature is quite low than using SiO2. Using SiO2, the threshold voltage
reduces from 0.3V to -0.05V but using HfO- the threshold voltage remains almost
same. So, it can be depicted that using high-k material the reduction of threshold
voltage with the decreasing oxide thickness can be overcome and hence the unwanted

current.
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FIGURE. 5.9. Threshold voltage with oxide thickness
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Figure 5.10 represents that threshold voltage variation with the substrate doping
concentration. Like oxide thickness, the threshold voltage also decreases with the
decreasing body doping concentration. It can be illustrated from the analytical model
that, body or substrate doping concentration is an important parameter for threshold
voltage modeling. The decreasing concentration value also affects the Fermi potential
value as well as the flat band voltage of the semiconductor. Also the variation in
substrate concentration changes the charge concentration that has accumulated below
the oxide surface and formed the channel. These will reduce the threshold voltage and
helps to increase unwanted small geometry effects. It can also be identified from the
Fig. 5.10 that using high-k material, the decreasing nature is smaller than SiO>. Using

high-k material the oxide level may protect the device from the unwanted SCEs.
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FIGURE. 5.10. Comparison of threshold voltage with substrate doping concentration

Threshold voltage also varies with the work function difference of the gate
materials (Fig. 5.11). p* and n* polysilicon materials with different work functions
have been used at the gate. This is the reason for step function in surface potential and
electric field as well as the dual-threshold voltage of the device. So the work function
is a vital parameter to determine the threshold voltage. The difference between the

values of two work functions of the polysilicon is represented as work function
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difference. For a fixed gate length ratio L, : L, = 1:1, the work function value of the

2" polysilicon (n*) material is kept at ¢,,, = 4.17 eV and the work function value of

the 1% polysilicon (p*) is changed. The difference between them is called “changing
work function” and represented as AW . The threshold voltage increases with the
increment of AW (Kumar & Reddy, 2004). The increasing rate is higher in the case of
SiO2 material than HfO». With a very high value of AW , the threshold voltage is also

very high using SiO2 material, which again helps to decrease the on (1) and off (1)

current (Reddy & Kumar, 2005). On other aspects, it is observed that with AW the
threshold voltage using high-k material is almost negligible. This factor helps to

overcome the SCEs.
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FIGURE 5.11. Relation of threshold voltage with AW

As the threshold voltage is a function of gate voltage, the drain voltage has no
such significant effect on it. It can be explained from Fig. 5.12 that, threshold voltage
slightly decreases with drain voltage. With the increasing value of drain voltage the p-
n junction depletion region changes its formation and will affect the weak inversion
mode. For that channel formation is delayed and as a result threshold voltage decreases
its value. From Fig. 5.12, it can be depicted that using high-k material the decreasing

value of the threshold voltage is so small that it has to be represented in exponential
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order. So it can be said that using high-k, the drain voltage influence on threshold
voltage can be removed.

DIBL for the structure is illustrated for both the oxide materials (Fig. 5.13) with
gate length. Its value is 0.4 mV for 100 nm channel length and 7.3 mV for 60 nm
channel length for SiO, oxide material but DIBL for HfO; is 1.5x10” V for 100 nm
channel length and 0.06 mV for 60 nm. Therefore, it can be mentioned that DIBL
intensifies with declining channel length but its value is smaller in the case of HfO;
material than SiO. oxide material for the same channel length. That is the significant
advantage of using high-k dielectric material. DIBL is decreasing means it will also
reduce the SCEs. Also, it can be concluded that the enhancement of DIBL with the
declining channel length increases the SCEs. Drain voltage reduces the barrier between
the depletion region and that helps to enhance the free charged particle to flow through
the channel, this will increase the unwanted current flow mechanism and decrease the
threshold voltage. As a result the device temperature increases. From the above
characteristics, it can be declared that using high-k as an oxide material in the device

will be a better option to remove the SCEs in the small scale geometry.
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FIGURE 5.12. Threshold voltage with drain-source voltage
When the gate voltage is below the threshold voltage, the minority careers start
accumulating just below the oxide semiconductor interface. This phenomenon is called

weak inversion mode. The device is considered as “OFF” state because the threshold

voltage has not been reached. At this stage, a small amount of current will flow through
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the channel that has been generated by weak inversion mode. As the current flows
before reaching the threshold voltage, the current is called ‘subthreshold current’. This
current is not desirable in a digital circuit, because at the OFF state this tends to
enhance the flow of leakage current. This characteristic can be measured by the slope
of the curve of the logarithmic value of the current vs gate voltage. With the help of
the approximations (Eqn. 5.17), it can be estimated that the value of subthreshold
swing for the DMDG structure is S = 59.8 mV/dec for 60 nm of channel length with
HfO> (ideal value is 60 mV/dec at 300K) as shown in Fig. 5.14. Whereas at the same
channel length S = 61.6 mV/dec for SiO.. It is supposed that when the channel length
Is decreasing subthreshold swing is increasing owing to SCEs.

It can be depicted from the figure that using high-k material the subthreshold
swing remains almost constant up to 25 nm channel length (in case of SiO; it is up to
35 nm only) and the increment of it with decreasing channel length is much lesser than
SiO2. Moreover, Fig. 5.15 also represents that with high-k material the swing maintains
a constant value with the decreasing oxide thickness than SiO,. Though when SiO; as
the oxide material is considered, the subthreshold swing enhances significantly with

increasing oxide thickness.
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FIGURE 5.13. DIBL with channel length
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Increasing subthreshold swing decreases mobility. Figure 5.16 shows the
variation of subthreshold swing with film thickness. Here it is increased with

increasing value of film thickness for both cases. But the nature of the representation
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using SiO. is stiffer than high-k. Therefore, it is observed that the switching
characteristics of the DMDG structure are worsened significantly with lowering

channel length, oxide thickness and film thickness.
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FIGURE 5.16. Subthreshold swing with film thickness

The characteristics generated from the analytical model of threshold voltage for
GCDMDG structure using SiO2 and HfO, are compared in next section. All the design
parameters that have been considered to construct the threshold voltage have been
listed in Table 5.1 All the analytical results are portraying outstanding agreement with
TCAD results

The changes of threshold voltage with channel length for GCDMDG structure
are represented in Fig. 5.17. It can be depicted from the figure that, irrespective of the
oxide material used as the dielectric constant, the threshold voltage value for the
GCDMDG structure is almost the same and it is at about 0.97V. It can be described
that the threshold voltage varies so slightly that it can be said, it remains almost
constant with the decrement of channel length. Whereas the decreasing nature is more
flatted using high-k material, and stiffened in the case of SiO, material. It can be
indicated that using the graded nature of doping concentration of the substrate, the roll
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off factor of the threshold voltage with small scale dimension can be minimized and

using high-k material better result is obtained.
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FIGURE 5.18. Threshold voltage for different device structure

Figure 5.18 illustrated the comparative study of threshold voltage for two
different structures DMDG and GCDMDG. The figure has clearly shown that the
threshold voltage of the GCDMDG structure is much higher than the DMDG structure
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and it is almost constant. The threshold voltage of the DMDG structure present the
rolling off nature. It is also verified that the surface potential value of GCDMDG
structure is higher than DMDG structure (Fig. 4.3). As the threshold voltage depends
on the minimum value of the surface potential so it is higher in the case of GCDMDG
structure. It can also be seen that by using high-k material the threshold voltage value
Is almost same with SiO2 in GCDMDG, but in DMDG structure these two values are
found different.

In GCDMDG structure, the substrate doping concentration has been changed
gradually which has a great influence on the threshold voltage. The threshold voltage
increases with the increasing value of doping concentration (Fig. 5.19). Here the
doping concentration near the source side has been changed, keeping the concentration
constant near to the drain side. This is due to higher concentration and presence of
higher work function gate material the threshold voltage primarily is generated at this
region. The change of threshold voltage with change in substrate doping concentration
near source region has been considered here. It can be illustrated that using SiO-
material the increment is very stiff whereas using high-k material and gate stack the

threshold voltage increases slightly with the substrate doping concentration.
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FIGURE 5.19. Threshold voltage for different doping concentration of GCDMDG
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Figure 5.20 represents the variation of threshold voltage with drain voltage using
SiO2 and high-k as an oxide interface. The changes in threshold voltage for drain
voltage are almost negligible and in maximum case it is constant. The surface potential
solely depends on the gate-source voltage and the threshold voltage depends on surface
potential. The slight decrement of threshold voltage in the case of SiO: is for DIBL
effect. The DIBL effect increases with the increment of drain voltage which helps to
reduce threshold voltage and generate a large amount of current. This problem easily

can be overcome by using high-k material.
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FIGURE 5.20. Threshold voltage for different drain voltage of GCDMDG

The small scale geometry of the device decreases the channel length, width as

well as film thickness of the device. The scaling down of film thickness affects the

threshold voltage of GCDMDG structure (Fig. 5.21). The ratio L /T decreases with

the increase of T for a fixed channel length. With the increase in film thickness

threshold voltage increases. Alternatively, it can be said that with the small-scale
dimension of film thickness, the threshold voltage decreases. But decrement nature is
different for different oxide materials. In the case of high-k material and gate stack
design, the threshold voltage is almost constant with a small scale dimension of film

thickness. This feature will help to remove SCEs and flow of unwanted current that
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has been generated in lowering down the threshold voltage using SiO2 oxide material

with the small dimension of the device structure.
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FIGURE 5.21. Threshold voltage for different film thickness of GCDMDG

As mentioned in Egn. 3.59-3.62, with the variation of temperature the substrate,
source and drain doping concentrations, the energy bandgap of the semiconductor and
the thermal voltage changes. These effects will produce an influence on the threshold
voltage. With the increasing temperature, the threshold voltage of the GCDMDG
structure increases as illustrated in Fig. 5.22. Though the threshold voltage decreases
with decreasing temperature but it is of higher value compared to DMDG structure.
So, it can be stated that at a very low temperature the GCDMDG structure does not
allow to flow the unwanted current. And also it is to be mentioned that the increment

nature of the threshold voltage is the same for three different cases as depicted in the

representation (Fig. 5.22). Table 5.2 represents the variation of V,, with temperature.

The working threshold voltage of the structure lies under the high work function
gate material with a higher substrate doping concentration region. So the work function
also has a great impact on the characteristics. Threshold voltage increases with the

increasing value of work function difference depicted in Fig. 5.23. Keeping the gate

length ratio at L, : L, =1:1, the work function value of the 2" polysilicon (n*) material

118 |Page



Chapter 5 | Threshold Voltage

is kept at ¢, = 4.17 eV and the work function value of the 1% gate material (p*) is

changed. The difference between them is represented as AW . All the structures have
projected the same performance with changing work functions. Table 5.3 denoted the
changes of threshold voltage with AW in a tabular formation for different gate oxide
material engineering. That tabular representation also depicted as bar diagram in Fig.

5.23 for clear visualization.

Table 5.2: Variation of V,, with temperature

SiO2 HfO2 Gate Stack

Temperature Vi, Vi, Vi, Vi, Vi, Vi,

(K) | (Proposed | (TCAD) | (Proposed | (TCAD) | (Proposed | (TCAD)
Model) Model) Model)

20| 0.65329 | 0.65324 | 0.65328 | 0.65323 | 0.65328 | 0.65323

80| 0.72472 | 0.72467 | 0.72466 | 0.72461 | 0.72465 | 0.72460
120 | 0.77344 | 0.77339 | 0.77332 | 0.77326 | 0.77331 | 0.77325
160 | 0.82288 | 0.82283 0.8227 | 0.82265 | 0.82269 | 0.82263
200 | 0.87294 | 0.87289 | 0.87269 | 0.87264 | 0.87267 | 0.87262
240 | 0.92354 | 0.92349 | 0.92321 | 0.92316 | 0.92318 | 0.92313
280 0.9746 | 0.97454 | 0.97418 | 0.97412 | 0.97415 | 0.97410
300 | 1.00028 | 1.00023 | 0.99982 | 0.99977 | 0.99978 | 0.99973
350 1.0649 | 1.06484 | 1.06432 | 1.06427 | 1.06427 | 1.06421
410 | 1.14311 | 1.14306 | 1.14238 | 1.14233 | 1.14231 | 1.14225
500 | 1.26155| 1.26150 | 1.26057 | 1.26052 | 1.26048 | 1.26043

Table 5.3: Variation of V,, with work function difference

SiO2 HfO2 Gate Stack
Fl\]/\r((?:‘ll(()n Vth Vth Vth Vth Vth Vth
Difference (Proposed | (TCAD) | (Proposed | (TCAD) | (Proposed | (TCAD)
Model) Model) Model)

0.2 0.09754 | 0.09752 | 0.09708 | 0.09706 | 0.09704 | 0.09702
0.4 0.29754 | 0.29752 | 0.29708 | 0.29706 | 0.29704 | 0.29702
0.6 0.49754 | 0.49752 | 0.49708 | 0.49706 | 0.49704 | 0.49702
0.8 0.69754 | 0.69752 | 0.69708 | 0.69706 | 0.69704 | 0.69702

1 0.89754 | 0.89752 | 0.89708 | 0.89706 | 0.89704 | 0.89702
1.07 0.96754 | 0.96753 | 0.96708 | 0.96706 | 0.96704 | 0.96702

119|Page



Chapter 5 | Threshold Voltage

1.4

-0,
1, | Il HfO,
Il Gate stack

Threshold Voltage (V)

0.0 4

0 100 500

200 300 400
Temperature (K)

FIGURE 5.22. Threshold voltage with temperature of GCDMDG
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FIGURE 5.23. Threshold voltage with work function difference of GCDMDG

With small-scale dimensions, several device parameters such as channel length
and oxide thickness will degrade down. Changing the dimension of oxide thickness

also has a great influence on the threshold voltage. It would help to generate a SCE.
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As a result, the threshold voltage decreases and a huge amount of current will flow
through the channel. But from the representation of Fig. 5.24, it is clear that in the
GCDMDG the changes of threshold voltage increases with oxide thickness, however
using high-k the changes are almost negligible. So using a GCDMDG structure with

high-k oxide material the SCEs almost can be eliminated.
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FIGURE 5.24. Threshold voltage with oxide thickness of GCDMDG
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DIBL is defined as the difference in threshold voltage when the drain voltage is
increased from linear region to saturation region (Egn. 5.16). Overall DIBL effect is
deceased with the increasing channel length for the device using both the materials.
For both cases, the DIBL effect maintains a constant value up to the 20nm channel
length (Fig. 5.25), below this it increases. But increment of DIBL using high-k material
is smaller than the conventional one. So using of GCDMDG structure with high-k

oxide material, the drain voltage induction on the SCE can be reduced.

5.5. Summary

Being an important characteristic, the threshold voltage is main feature to
demonstrate. In the DMDG device structure, its value is comparatively low but at a
small scale channel dimension, it shows a rolling off nature. This will enhance the
short channel current. Using high-k material this problem can be overcome to some
extent. On the other hand, using the GCDMDG structure, the threshold voltage is
higher than DMDG but it does not show the rolling off nature with small scale device
dimension. The threshold voltage in this case is an almost constant value. Using high-
k material the result will be more accurate. So the GCDMDG structure with high-k
oxide material as a dielectric constant will be a better combination to overcome the
SCEs. Several other constraints like oxide thickness, temperature, substrate doping,
film thickness, etc. have a great influence on the threshold voltage. At the time of

device fabrication, these parameters have to be considered.

In view of DIBL, both the device exhibits a very good result. That means this
type of SCE can be overcome with these devices. Also, the subthreshold swing has
reached up to the ideal value in the case of the DMDG structure. For all the cases using

high-k oxide material has given a better result than SiO».
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6

Drain Current

6.1. Introduction

The device current conduction capability can be expressed as drain current.
When comparing different devices, it can be used as a guide. All the device
performances like transconductance, voltage gain, switching capability, etc. can be
depicted with the help of drain current. However, the device structure should not allow
the overrated drain current to flow through it. The maximum drain current is governed
by the device's current capabilities, as well as the device's maximum channel
temperature, safe operation, and other relevant characteristics. The channel is fully
inverted at threshold voltage, and the drain current begins to flow due to free charge
particle movement. It is a function of both the gate-source and drain-source voltages.
Initially, it increases with the increasing value of drain-source voltage-formed linear
region. Here, the performance of all MOSFETs has been taken into account. The
device functions as a good amplifier due to its high impedance. The current becomes
saturated after certain drain voltage and does not rise with added drain voltage. This is
referred to as the saturation region (Cerdeira et al., 2008; Chiang, 2016; Francis et al.,
1994). However, as the gate voltage is increased, the drain current increases, and the
saturation voltage changes as a result.

The channel current is just equal to the drain current before saturation occurs.
Nonlocal effects such as channel length modulation, velocity overshoot, and DIBL
(Egn. 5.16) become increasingly effective as the device dimension shrinks and have a
significant impact on the drain current model. The most important consequence in the
drain current model is velocity overshoot, which is directly connected to the
transconductance due to SCEs (Chen & Kuo, 1996; Jin et al., 2010). The step function
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generated in the electric field causes the electron velocity to overshoot its saturation
value for a period shorter than the energy relaxation time. Over the past few years, the
scaling factor has become a challenge to the conventional MOSFET technology.
However, to achieve high speed, packing density and for better performance, the
device dimension has to shrink according to scaling law (Dennard et al., 1974,
Nicollian et al., 1982). With the scale down, the charge sharing between source and
drain increases that helps to reduce the gate controllability over the channel depletion
region. So the reduction of device dimension specifically declining channel length
increases several SCEs like DIBL, hot carrier effects, threshold voltage roll off,
channel length modulation, etc. (Maity et al., 2015; Neamen, 1992). Reduction of
channel width also increases the electric field at the field isolation edge which helps to
decrease the current drivability and hot carrier induced degradation (Maity et al.,
2017).

DG structure and DMG structures provide very good immunity to SCEs,
however, at some level they fail to perform. DMG structure is not suitable to perform
in a deep submicron regime. However parasitic capacitance effects and interface
charge effects are major problems here. In DMDG structure (combining DG and
DMG), the difference in work function at gate material creates an electric field at the
interface of two gates. It helps to improve the carrier transport efficiency, carrier
transport speed and device driving capability (A. Cerdeira et al., 2008; Chaudhry &
Kumar, 2004b; Kumar & Chaudhry, 2004; Kumar & Reddy, 2004; Lin & Taur, 2017,
Saxena et al., 2004). This structure also helps to reduce the electric field at the drain
end which increases the controllability over the channel conduction and reduces the
hot carrier effects. The n* type polysilicon gate material near the drain side absorbs the
additional variation of drain potential generated after the saturation level, therefore
reduces the DIBL and CLM effects (Chiang, 2012; Tsormpatzoglou et al., 2007). As
a result, it protects the device from adverse effects such as mobility degradation and
random microscopic fluctuation of dopant atoms. This structure also helps to increase
the capability and the controllability of the drain current. Consequently, the
transconductance improves and drain conductance drops down.

In GCDMDG structure, there are two threshold voltages for two different gate
materials (Chen et al., 2003; Darwin & Samuel, 2020; Goel et al., 2016; Maity et al.,
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2018; Suzuki & Sugii, 1995; Tsormpatzoglou et al., 2008). Due to the doping
concentration of the channel their values are different. It was mentioned in the previous
chapter that, in the case of GCDMDG structure, the threshold voltage is higher than
uniformly doped DMDG. Though it helps to reduce the unwanted current flow side by
side it also reduces the performance of the device than normal DMDG. In this chapter,
a comparative study has been made between two structures over different constraints
i.e. oxide thickness, drain current, gate voltage and the temperature effect (Shahidi et
al., 1988; Widiez et al., 2005), etc.

Due to small dimensions and SCEs, several parameters like impact ionization,
velocity overshoot, channel length modulation and DIBL affect the drain current
(Assaderaghi et al., 1993; Chen et al., 1995; Chou et al., 1985; Sai-Halasz et al., 1988).
To generate the accurate analytical model of drain current for DMDG structure, all
these parameters have been considered for the device model (Shahidi et al., 1988).
According to a recent study it has been proved that with using high-k dielectric
material (Maity et al., 2020; Salmani-Jelodar et al., 2016) (like HfO>) instead of SiO-
the gate tunneling current, the leakage power reduces drastically and delivers
astounding performance and greater energy efficiency (Arora et al., 1994; Chaudhry
& Kumar, 2004a; N. Maity et al., 2019; Maity et al., 2016; Narang et al., 2013; Roldan
et al., 1997; Roldan et al., 1998). Therefore the proposed device is also verified by
using high-k material.

6.2. Analytical Model for Drain Current of DMDG MOSFET

DMDG structure has generated step function in surface potential as well as in
the electric field. The lateral portion of the electric field is higher than its previous one
and it will affect more in the saturation region than the linear region. As a consequence,
the impact ionization and parasitic BJT effects generate a strong influence on the
current conduction of the device. Depending on the biasing, the channel region moved
from accumulation to the moderate inversion and then the strong inversion region. At

the strong inversion, the channel gets inverted and the current | , will flow due to the

drift of the minority carrier. The high speed drifting electrons collide with the lattice
and generate electron-hole pairs at the high electric field region at the drain side. Due

to the high electric field, the electrons move towards the drain and holes move toward
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the source direction resulting in the impact ionization current | . Also, a fraction of
the impact ionization current Kl is directed towards the source and as a result, the

holes get accumulated in the thin film. The hot carriers are moved around the channel
and they easily penetrate the thin oxide level. The generated high energy electron-hole
pairs moves from n channel to gate (made of p* polysilicon) and also into the p type
substrate (p-n-p formation). This phenomenon helps to activate the parasitic bipolar
transistor effect (Chiang, 2012). Consequently the current flow for the movement of
these free particles can be calculated as the transistor current equation. The current is
also effected the original drain current flowing through the channel. Some amount of

the holes recombine with electrons in the base region (channel) and drainage down. A

part of the collector current K"l (composed of electrons) flows due to a vertical

electric field through the parasitic bipolar transistor. These electrons also collide with

lattice and consequently generate a huge amount of electron-hole pairs.

Combining all the above-stated factors, the total drain current |, is composed

of the channel current |, , the impact ionization current I, and the collector current
| . of the parasitic bipolar device (Chiang, 2012),

o =14+, +1c (6.1)
The collector current itself can be expressed in terms of the emitter current I ,

lc =aple +1cgo (6.2)
lso s the leakage current between the collector and the base with emitter-base

junction opened. It is a function of the gate voltage,

— WTsi Iso (63)
1+ 6’1(\/@3 —Vi, )

ICBO

where W is the channel width of the device and 1 is the leakage current per unit cross
section in the collector-base junction. ¢, is a constant term. The expression of the drain

current in the saturation region can be expressed as (Shahidi et al., 1988),

I5sat =Gl + Hlego (6.4)
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M {1-(1-K, )}

¢ :1+1—(1+ K KM) ez (6:52)
 14KM
" 1 (1 KK M)gq .
M =1 (Vs VDsysatl)exp[ W _‘f )] +1 (6.5¢)
DS DS ,satl

Considering impact ionization and parasitic BJT effect, CLM (Kumar et al., 2004),
Velocity overshoot (Chen et al., 1995) and DIBL effect (Maity et al., 2019), the
channel current in the linear region (Chiang, 2012; N. P. Maity et al., 2019) can be
expressed as,

W et C : 1 W : 1
Ly - LOXX{(VGS Vi )VDS __VDZS} + Lz X{(VGS ~Vin )VDS __VDZS}
T2 Y 2 L] 2
Lj1-2+-B5 (L-L)
L LE,
(6.6)
In the saturation region, the channel current can be expressed as,
Wﬂn Cox . W .
ID,sat:G__lez #X Gs _Vthi]vDS,sati_%VI%S,sati * jﬂ%z X{{Ves _Vthi}/DS,sati_%VEZ)S,sati} *Hlcgo
I= Ll1-d+ DS, sati [L_Id]
(6.7)
where,

Vi, s the threshold voltage generated for the front and back gate.Vpg 5 is the

saturation voltage for the front and back gate (i=1 and 2). Which gives
(VGS _Vthi )

(VGS ~Vin )
LE

(6.9)

VDS ,sati =

1+

C
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E, = 2y (6.10)

Hrets
The electron velocity (V,) saturates at the critical field. £/ is the effective mobility

of the inversion layer electrons and n is a constant term (values are given at Table

6.1). Effective mobility is a combination of mobility associated with phonon scattering

( ,uph) and mobility associated with surface roughness scattering s, (Maity et al.,
2019)

When the applied drain-source voltage Vg is greater than saturation voltage
Vpssars the channel length modulation has to be considered, then the velocity

saturation or ‘pinch off point’ moves towards the source. As a consequence, the

effective channel length decreases. The voltage difference (VDS _VDS,satl) is dropped

across the distance |, as a result of CLM (Kumar et al., 2004),

Vo =V
l, =1ln 1+( os ~Vos ) (6.11)
Vpp
Where, V= 2IE, is the fitting parameter,
_ 2e. 0. -V,
=X, [tOXﬁJ and X, = M (6.12)
ngOX qNa

Like other electrical parameters, the drain current of the DMDG structure also very
much depends on the temperature. The temperature effect is described in Eqgn. 3.32
and 3.33 have been introduced in the drain current model and study the variances. A
comparative study has been made between SiO; and high-k material HfO, for all the

characteristics.
6.3. Analytical Model for Drain Current of GCDMDG MOSFET

In the GCDMDG structure instead of using a uniform doping channel, a graded
doping channel has been used as discussed earlier. Near the source side, the substrate

is highly doped and denoted as N, whereas near the drain side the substrate is
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comparatively low doped and denoted as N, . So the CLM for different doping

concentrations can be expressed as,

V.. -V V. =V
|d1—|1|n[1+( st Dssa”)J and Idz—lzln{l+( st DS'S""“)] (6.13)

PP, pp,

the fitting parameters are V,, =2l,E;. and V,, =2lE,

and I,=X

X = J(MJ nd X, = J[LV)J 614
' qNal 2 qNaz

The two threshold voltages for the GCDMDG structure have already been explained

in an earlier chapter (Eqgn. 5.27),
qNalTsi

VGC,thl :VGS = 2¢F1 -2 (Achgc) +VFB,fp + c

0X

Similarly, another one is

gNa,T
Vc;c,th2 :VGS = 2¢F2 - Z\I(Cchgc) +VFB,fn + o 2 (6.15)

ox

Putting all these expressions and considering the impact ionization, parasitic BJT
effect, CLM, velocity overshoot and DIBL effects in the linear current and saturation
current expression described in Eqn. 6.6 and 6.7. The linear and saturation current
expression for the GCDMDG structure will be

Wt C . 1 w . 1
Ich=_ |nEff - X{(VGS _Vthi)VDS_EVDZS} + Lz X{(VGS _Vthi)VDS_EVDZS}
2 1[4 Vos (L—Id)
L LE, '
(6.16)
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W'uneff
|

1-d +VDS sati

LE;

D sat =G Z
i=I2

W
thl]\/DS sati 2 DS sati ﬂa]z H thl]\/DS sati 2 DS satl} +HICBO

[L—Id‘

L

(6.17)
6.4. Results and Discussions

All the design parameters that have been considered to construct the drain current
model have been listed in Table 6.1. The drain current for the DMDG structure was
computed using data from (Roldan et al., 1998; Arora et al., 1994; Assaderaghi et al.,
1993; Chen et al., 1995), among others. The characteristics generated from the
analytical model of the drain current of uniformed doping DMDG structure using SiO>
and HfO2 have been elaborated in the first section. In the second part, the
characteristics of graded doping DMDG structure have been explained with mentioned
oxide materials. All the analytical results are portraying outstanding agreement with
TCAD simulation results.

Drain current with respect to drain to source voltage has been signified in Fig.

6.1. In this representation V is considered as a constant term. Here the effective gate

voltage (i.e gate voltage — threshold voltage) has been considered as gate-source
voltage. The two distinct regions of the V-I characteristics curve can be visible, one is
linear region, the second one is saturation region. At the initial stage when the drain
current increases sharply with increasing value of drain voltage that region is called
linear region or non-saturation region. In this section, first weak inversion mode
followed by moderate inversion and after that the strong inversion mode has been
generated and the gate voltage reaches up to the threshold voltage. Therefore with a
small increment of drain voltage the free carrier moves rapidly through the channel
hence the current flows. At weak inversion mode, the current flows only for the
diffusion process of the carrier, at moderate inversion the current flows for both
diffusion and drift process. However at strong inversion mode, the current flows totally
for the drift process and the drain voltage is a prime factor for the current flow. After

reaching a certain gate voltage called “Pinch of voltage” the inversion channel
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thickness reduces to zero. In this situation, the current flow has been restricted and
reaches a constant value. This section is called the saturation region.

Table 6.1. Design parameters to evaluate Drain Current

SI. No. Parameters Values
1. N, - Uniform body doping concentration 10 cm?
2. N_, - substrate doping concentration near the source 10 cm
3. N,_,- substrate doping concentration near the drain ~ 10'°> cm™
4. N, - Source/ Drain doping concentration 5x10%° cm3
5. T - Thickness of film 12 nm
6. L - Device channel length 100 nm
7. L - Gate length of M, p* Polysilicon 50 nm
8. L, - Gate length of M, n* Polysilicon 50 nm
9. N - Intrinsic carrier concentration 1.5x10%° ¢m-3

[EEN
©

1
tox - Gate oxide thickness

2nm

11. 1, - Back gate oxide thickness 2nm

12. Vps - Drain source voltage 0.75V
13. Vgg - Gate source voltage 1V

14. Vg - Body bias 1V

15. U - Effective mobility 0.039
16. V- electron velocity 8x104
17.  n- Constant term 0.8

18. K, - Constant term 0.85

19. K - Constant term 0.85

20. ;- Constant term 0.994
21. «a- Constant term 0.15

22. [ - Constant term 15.7

23. A, - Constant term 251071t
24. 0, - Constant term 6

25. |- leakage current 80x10° A

In this section, the current flow does not increase with the increasing value of

the drain voltage. However, with the increasing drain-source bias, the gate to source
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voltage also changes its value. As a result, channel thickness reduction changes its
position and the channel modulation process is considered. Consequently, the current
flow has been stopped. If the drain voltage increases further, then the breakdown has
generated and a huge amount of current starts to flow through the channel. This mode
is called the cut-off region, represented as a slight hike portion above the saturation
region. Using high-k material as a dielectric oxide, the drain current is higher than
using SiO». In the previous chapter, it has been mentioned that comparatively low
threshold voltage can be achieved using high-k. Therefore the device can be triggered
at a low voltage hence the drain current is higher. As a result, transconductance
increases and drain conductance decreases which helps to overcome the SCEs.
Another interesting feature that has to be mentioned from the characteristics is
that with the increasing gate-source voltage the drain current increases for both cases.
With the increment of gate voltage more quantity of free particles are accumulated in
the channel region and with the help of drain voltage, they start to flow and conduct
current. Strong evidence of the prediction has been depicted in Fig. 6.2. With the
increment of gate-source voltage drain current increases, however, the saturation
voltage also has been changed for both the material. This graph is considered for a
fixed drain voltage of 0.75V. This characteristic is represented as transconductance.
Using high-k material the transconductance is higher than using SiO2 — this quality
makes the device a better one. The channel length is defined by the transconductance

that has been produced by electron velocity overshoot.
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FIGURE 6.1. Drain current with drain voltage
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FIGURE 6.2. Drain current with gate voltage

The variation of drain current with film thickness has been defined in Fig. 6.3
for Vgs=1V and V¢ = 0.75V. The overall drain current decreases with the decreasing

value of film thickness or more perfectly, with the small scale dimension of the device.
Earlier it has been described (Fig. 5.7) that with the decreasing value of film thickness
threshold voltage increases. However, using a high-k substance the increment nature
is lower than SiOz. This is also reflected in Fig. 6.3. Threshold voltage increasing
means drain current decreases. So the unwanted drain current, generated due to SCEs
will not flow for the decreasing film thickness. This will be advantageous in the case
of small scale devices. Yet the decreasing nature of drain current using high-k material
device is higher. Even the drain current is almost constant up to 10 nm film thickness.
Conversely, using SiO2, the decreasing nature is quite stiff.

The deviation of drain current with respect to oxide thickness has represented in
Fig. 6.4. As the oxide thickness decreases the drain current increases for both cases,
but the increment of drain current in the case of high-k material is higher. As the
increment of drain current leads to the decrement of threshold voltage (Fig. 5.9), it

may tend to flow unwanted current when the device will be scaling down. However
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comparing the characteristics, using a high-k substance, the problem may be
overcome.
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FIGURE 6.3. Drain current with film thickness
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FIGURE 6.4. Drain current with oxide thickness
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Drain current also has a temperature effect (Fig. 6.5). Due to changes in
temperature the bandgap energy as well as the concentrations of the semiconductor
changes as discussed earlier. Changes in those parameters also have effects on the
threshold voltage of a device (Fig. 5.8). Threshold voltage has a direct relation with
drain current. So the drain current gradually decreases with the increment of
temperature. It also can be confirmed from Fig. 5.8 that after a certain temperature the
threshold voltage increases with increasing temperature. An increment of threshold
voltage leads to a decrement of drain current (Fig. 6.5). Though using HfO, material,
the drain current decreases at about 0.02A throughout the range whereas using SiO>
the drain current decreases at about 0.04A. The relationship has been taken for some

constant values of V=1V and Vg = 0.75V.
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FIGURE 6.5. Drain current with temperature change

Deviation of drain conductance (J,) with the channel length for a fixed gate-

source voltage V= 1V and the variation of transconductance ( d,, ) with the channel
length for a fixed value of drain-source voltage Vs = 0.75V with respect to channel

length have been represented in Fig 6.6 and 6.7 respectively. The output or drain
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conductance (g,) can be generated from the slope of drain current vs drain voltage

graph (between Vo= 0.5V to Vo= 0.75V) and transconductance (g,) can be
extracted from the slope of drain current vs gate voltage graph (between V =1V to

V;=1.5V). The DMDG structure has a better transconductance and low value of drain

conductance than other devices because of the step function generated in the surface
potential (Chiang, 2012) (Fig. 3.3). The drain conductance is almost constant up to 30
nm channel length using SiOg, but after that it will increase with decreasing channel
length. So it can be predicted that, at a small scale channel length the device will
generate drain current with a stiffer slope. However, using high-k material the drain
conductance becomes almost constant up to 20 nm channel length as well as it
increases up to a very small value with the channel length degradation. The value of
transconductance is significantly improving with the decreasing value of gate length,
it will be advantageous for the device structure at a small scale. By using high-k
material the transconductance increases and drain conductance decreases than SiO> as
stated earlier. This characteristic of high-k material helps to decrease the DIBL and

several SCEs generated mainly due to small scale devices.
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Figure 6.8 illustrates the voltage gain with respect to the channel length.
Voltage gain is represented by the ratio of drain voltage and gate voltage. Here the
voltage gain has been measured from the ratio of transconductance and drain
conductance. Using high-k material the voltage gain increases because using it, the
transconductance increases and drain conductance decreases than SiO2. So finally a
better performance can be achieved by the uniform doping DMDG structure using

high-k substances compared with other devices.
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The V-1 characteristics curve for different gate voltages of graded nature DMDG
structure has been depicted in Fig. 6.9. The variation of drain current with drain voltage
has been taken for a particular gate voltage. Similar to uniform doping DMDG
structure, the characteristic curve has two regions, linear and saturation. It was
illustrated in Fig. 5.18 that, the threshold voltage of GCDMDG is higher than the
uniform doping DMDG structure. It implies that the drain current will be lesser in
GCDMDG structure than uniform doping DMDG when the other parameters are the
same. It is visible from the graphical representation of Fig. 6.9. Due to the higher value
of threshold voltage, the minority carrier concentration is lesser in the channel region
for the same gate voltage. The drain current depends on the minority carrier
concentration at the channel region. Lesser concentration generates a lower amount of
current. When the other parameters are same the drain current is about mA range for

both the material. However, using high-k material the drain current increases.
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FIGURE 6.9. Drain current with drain voltage for GCDMDG

The drain current characteristics increases with increasing gate voltage value
because with the increasing value of gate voltage the minority carrier concentration
increases at the channel region. As a result, carrier flow through the channel increases

and hence the current flow. This also can be illustrated from Fig. 6.10 that with the
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increasing value of gate voltage the drain current increases. Also, it needs to mention
that, using high-k material the drain current increases more than SiO>. With the
increasing value of film thickness the drain current increases very slightly shown in
Fig. 6.11 alternatively it can be said that with the variation of film thickness the drain
current remains almost constant for both oxide materials. This type of performance
improvement compared to uniform doping structure (Fig.6.3) will enhance the device
performance at a small scale structure. Figure 6.12 represents the change of drain
current with oxide thickness. Like uniform doping DMDG structure, here also the
drain current increases with decreasing value of oxide thickness. Increasing drain
current leads to decreasing threshold voltage, which helps to increase the SCEs.
However, using high-k material, the increment is greater than using SiOz. The
temperature has a great impact on the device performance that has been discussed
previously. In the case of the GCDMDG structure, the drain current generates opposite
characteristics with temperature than the uniform DMDG structure shown in Fig 6.13.
Beforehand in the uniform doping DMDG structure, overall the drain current decreases
with increasing temperature. However, in the GCDMDG structure, at about 75K
temperature the drain current reaches its minimum value. Above and below this
temperature the drain current increases. After 150K temperature, it becomes almost
constant. That typical characteristic has been symbolized for both high-k and SiO>
materials. The variation of drain current with temperature has been shown in a bar
diagram representation. It can be seen that using SiO2 and HfO>, the nature of the
characteristics are almost same. To some extent, it differs in case of HfO> when the
characteristics increases from its minimum value.

Figure 6.14 illustrated the output or drain conductance variation with channel

length. As depicted earlier, the drain conductance ( g, ) can be generated from the slope
of drain current vs drain voltage characteristics (between Vpg = 0.5V to Vg = 0.75V)

for a fixed gate to source voltage (V= 1.3V). The drain conductance value for the
device remains almost constant up to 30 nm channel length for SiO> oxide material,
but below this value, at small channel length, it increases. However, using high-k
material, the drain conductance curve remains almost constant up to 20 nm channel

length, below this value it increases. It also can be depicted from the figure that, at a
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FIGURE 6.10. Drain current with gate voltage for GCDMDG

small channel length of the device the drain conductance generates a lower value in

the case of high-k material than SiO2. On the other side, the transconductance (J,,)
which is generated from the slope of drain current vs gate voltage graph (between V

=1V to Vg =1.5V) for a fixed value of drain-source voltage V5= 0.75V, increases

with decreasing channel length (Fig. 6.15). This value is almost the same for both the
oxide materials. The increasing value of transconductance with decreasing channel
length enhances the device to better performance and helps to reduce the DIBL as well
as several SCEs generated mainly due to small scale device. VVoltage gain (ratio of
transconductance and drain conductance) with respect to channel length has been
represented in Fig. 6.16 for both oxide materials. Here also the voltage gain increases
with the increasing value of channel length but the amplification factor is smaller than
uniform doping DMDG structure. Using high-k material the performance is better than
SiOs.
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6.5. Summary

In DMDG and GCDMDG, the variations that are present in their channel
doping concentration make them unique from each other. The uniformed doped
DMDG structure has a lower value of threshold voltage which is more inclined to
enhance the SCEs. It may increase the flow of unwanted current. Lower threshold
voltage generates higher drain current and better voltage gain. A higher amplification
factor enhances the device's performance. On the other hand, graded channel doping
structure generates higher threshold voltage. That is more immune to the flow of
unwanted current and hence SCEs. But higher threshold voltage generates lower drain
current and low amplification factor. So on the ground of performance analysis,
GCDMDG is inferior to uniformed doped DMDG structure but it helps to prevent
SCEs at small scale device structure. It makes the device better than a uniformed one.
So each one is applicable on its respective ground and exhibits their out most
presentation. Again using the high-k as an oxide material boost the performance of
DMDG. All these combinations promote DMDG SOI MOSFET using high-k material
structure a prime candidature for the CMOS ultra large scale integration (ULSI) chip

designing.
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7

Conclusion and Future Scope

7.1. Conclusion

Several electrical parameters such as surface potential, electric field, threshold
voltage and drain current of DMDG and GCDMDG have been described in this
research work. The problems generated due to fabrication process (effect of interface
charge) and environment effects (effects of temperature) upon these characteristics and
the modifications on them also have been discussed. The developed model equations
strongly follow the device physics and the number of adjustable parameters are
retained at the minutest values. The developed model is also valid in all regions even
using high-k material as a gate oxide interface.

For any amplifying device's surface potential is a fundamental and crucial
feature. The step function generated at the surface potential features of the DMDG
structure is unique due to the presence of various polysilicons. Consequently, the
surface potential at the drain side is reduced. The surface potential of the high-k
material is found to be lower than that of the standard oxide material. In case of high-
k materials, the oxide material thickness can be raised to attain a comparable amount
of surface potential. To some extent, it will assist to overcome the tunnelling current
problem. Involvement of HfO, leads to increase in oxide thickness to keep the surface
potential and drain current constant. The surface potential can be enhanced for the
minimum oxide thickness by adjusting the substrate doping concentration,
temperature, and gate-source voltage. Better results can be found by adjusting the
device gate length. The threshold voltage drops as the surface potential decreases,
resulting in the flow of many uncontrollable currents across the device structure. This
undesired current ruins the device's construction. The electric field, threshold voltage,
and drain current show the excellent quality of the surface potential. The threshold
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voltage can also be increased by increasing the surface potential. Using the DMDG
structure, on the other hand, helps to reduce the additional SCEs, formed as a result of
scaling down. Hence, it can be concluded that combining a DMDG structure with a
high-k dielectric material as dielectric material eliminates all of the challenges
associated with scaling down the structure.

The potential profile for GCDMDG structure is better than DMDG. Although it
drops due to usage of high-k, it is still higher than a DMDG counterpart. Similar to
DMDG it has a step function potential profile with two lobes. The surface potential for
the GCDMDG structure can also be enhanced for the minimum thickness value of the
oxide level at different temperatures. The electric field over the DMDG structure, on
the other hand remains unaffected. In comparison to the single material DG structure,
the electric field at the drain side is reduced in the DMDG and GCDMDG structures,
which helps to generate fewer hot carriers in the channel and lowers impact ionization.
As aresult, the GCDMDG structure outperforms the DMDG structure in terms of short
channel immunity, gate controllability, carrier transportability, and hot carrier
motions. It is concluded that the GCDMDG structure has the largest source-channel
potential barrier (i.e., large threshold voltage) among the DMDG, SMG, and
GCDMDG structures. It lowers the number of SCEs created as a result of the device
structure scaling. DIBL impacts can also be reduced by using GCDMDG structure
HCEs. The GCDMDG MOSFET possesses the strongest immunity to SCEs and
related HCEs among the three MOSFET devices under investigation. When the
GCDMDG structure is combined with a high-k material, most of the challenges that
are generally caused as a result of device scaling down can be eliminated.

The threshold voltage is relatively modest in the DMDG device construction,
however, it demonstrates a rolling off tendency at a tiny scale channel dimension. This
will boost the short channel current. This difficulty can be mitigated to some extent by
using high-k materials. On the other hand, the threshold voltage is higher with the
GCDMDG structure than with the DMDG, however, it does not show the rolling off
nature with tiny scale device dimensions. In this scenario, the threshold voltage is
nearly constant. The result is more accurate due to the involvement of high-k material.
In the GCDMDG structure, a greater threshold voltage signifies a higher switching

voltage. It can be depicted that with decreasing device dimensions the roll off is not
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generated, so the induction of leakage current in GCDMDG is lower than in DMDG.
It has an advantage over SCEs. The challenges caused by narrow channel effects can
be mitigated by utilising high-k material. To counteract the SCEs, the GCDMDG
structure with a high-k oxide material as a dielectric constant will be a preferable
combination. Other factors such as oxide thickness, temperature, substrate doping, and
film thickness and so on have a significant impact upon threshold voltage. These
parameters must be taken into account during device manufacturing. In terms of DIBL,
both devices produce excellent results. As a result, these devices can counteract this
type of short channel impact. In the case of the DMDG structure, the subthreshold
swing has also reached the optimal value. Using HfO> has yielded better results in all
circumstances than silicon dioxide.

As the uniformly doped DMDG structure has a lower threshold voltage, it is
more prone to enhance SCEs. It has the potential to enhance the flow of undesired
current. Higher drain current and improved voltage gain are generated by lowering the
threshold voltage. The device's performance is improved by a larger amplification
factor. The threshold voltage of a graded channel doping structure, on the other hand,
is higher. As a result, it is more resistant to the flow of undesired current and SCEs. In
addition to that, the higher threshold voltage results in reduced drain current and
amplification factor. All the characteristics are indicated that the DMDG structure is
better on the ground of performance analysis. It has better voltage gain, better
transconductance than GCDMDG. While GCDMDG is inferior to uniformly doped
DMDG structure in terms of performance, it aids in the prevention of SCEs in small
size device structures.

As aresult, each device is applicable on its turf and provides its best presentation.
DMDG's performance is boosted once further by employing high-k as an oxide
material. All of these factors make the DMDG SOl MOSFET with a high-k material
structure an excellent candidate for CMOS ULSI chip design. Table 7.1 represents a
comparative study of surface potential, electric field, threshold voltage and drain
current between DMDG and GCDMDG structure using SiO2 and HfO> material. The
minimum value of the surface potential is considered because the threshold voltage
depends on it. It generates at about 20 nm channel length position. Threshold voltage

has been considered for 50 nm channel length and drain current is consider for 1.2 V
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effective gate voltage. The table represents that using HfO- the device performance is

much better.

Table 7.1. Comparative study of two devices according to parameters

£ Minimum Average

D Value of rage Threshold Drain Current
c surf Electric Field Vol v A

S urface (mV/cm) oltage (V) (A)

< Potential (V)

a

<

& SiO; | HfO2 | SiO2 | HfO2 | SiO2 | HfO, | SiO2 HfO,
[45]

P

8 -0.024 | -0.168 | -174 |-768 |0.146 |-0.021 | 0.0156 | 0.033
=

[a)

8

S |0.127 |-0.004 |-174 |-768 |0.978 |0.977 |0.003 0.005
[a)

O

O

7.2. Future Scope

Several advancements have been established over device dimensions in VLSI
technology. 3D structures like FINFET with its double gates, triple gates layer have
been started for manufacturing by INTEL Corporation. But still, some planar
structures like DMDG are the target of many researchers because such planar
structures are easy to fabricate.

In this research work, all the model has been established based on classical
structure. But with due respect to shrinking, the device dimension has been reduced to
below the 10nm range. At this range instead of ‘bulk’ properties, atomic properties
also have to be considered. So the classical structure is not capable to describe all the
behaviours. Quantum effects have to be incorporated with classical physics in this
case. Nowadays, germanium is a potential candidate which can be used as the channel.
The same models can be explored with germanium semiconductors and investigate
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their behavioural changes. In this work graded concentration changing with horizontal
direction has been considered. But the doping concentration can be changed in a
vertical direction also. On application of Green’s function model over the graded

channel structure with high-k may discover a new dimension of research.
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Abstract

Introduction

Benefits of using MOSFETSs have made them the standard in the electronics
field. Simple device applications, low power consumption, high packing density, fast
device speed and resistance to SCEs are only a few of them. MOSFET is a one-of-a-
kind device having fast communication speed and efficiency when operating at low
voltage. According to Moore's Law, the number of components in IC doubles every
year. It means that the size of the components shrinks every two years so that they can
fit into the compact gadget adequately. With the scaling down of the devices, some
parameters like threshold voltage, channel length, film thickness and gate oxide
thickness must be lowered. According to ITRS, next-generation MOSFET devices
require oxide thickness in 1 nm range. It increases different SCEs like threshold
voltage roll off, impact ionization, HCEs, GIDL together with DIBL effects. SCE
creates an uncontrolled carrier movement in the channel region which enhances the
motion of the current through the channel. This leaked current is not accounted with
the current that is passing through the channel. The quantum mechanical tunnelling
effect enhances with decreasing oxide thickness (below 1.2 nm), as a result, through
the gate region huge amount of gate leakage current flows. The gate oxide material
SiO2 won’t be able to perform to refrain the excess tunnelling current. This high
current damages the device. It generates power loss, increases power dissipation and
produces surplus heat.

Double gate (DG) idea has proven to be quite effective in suppressing SCEs. The
channel is protected by the top and bottom double gates of this structure. As a result,
the channel is completely surrounded by gates. The channel is inverted when the gate
voltage is applied from both sides. The unregulated current flow through the channel
is minimized as the gate voltage covers the channel. This type of design helps to reduce
SCEs automatically. Another model for reducing SCEs is double material gate (DMG)
architecture. Two types of work-functioned polysilicon are used at the gate in this
construction. The potential profile of the surface region is changed in this architecture
to increase electron transport efficiency. On the source side, a polysilicon material with
a high work function is used, whereas on the drain side, a polysilicon material with a

lower work function is used. Due to the presence of two distinct material gates, two
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different values of surface potential and threshold voltage have been formed. With the
increase of the electric field under the gate terminal the average lifetime of the device
is increased for DMG structure. The step function profile which is generated in the
surface potential and electric field due to use of different work functions polysilicon
materials in two different gate section helps to reduce SCEs.

The DMDG SOl MOSFET structure is created by combining these two
architectures. The advantages of the two structural concepts are combined in this
construction. The electric field at the drain terminal end is lowered, but the drain
breakdown voltage increases. Transconductance improves as a result, whereas drain
conductance decreases. Another modified MOSFET structure with an asymmetrically
doped channel is graded channel DMDG (GCDMDG). The doping concentration on
the source side is higher than on the drain side. The GC structure has a high immunity
to SCEs as a result of this type of doping, which helps to lessen HCEs and impact
ionization. A high doping channel near the source side reduces DIBL, whereas a low
doping channel near the drain side promotes mobility and lowers the electric field's
peak value. Apart from these advantages, the GC design generates a greater driving
current and increases transconductance when compared to other uniformly doped
devices.

According to recent study, it has been proved that with the use of high-k
dielectric materials (such as HfO, ZrO», Ta2Os) as a gate oxide material instead of
SiO», the gate tunneling current, the leakage power reduces drastically and delivers
astounding performance and greater energy efficiency.

Objectives

Two threshold voltages have been established for DMDG and GCDMDG
structure due to differences in gate materials. Leakage current coverage has been
enhanced by using two threshold voltages. It is the most crucial feature of a device's
functionality. The threshold voltage in the DMDG and GCDMDG structures has the
lowest roll off factor among all other planar structure. The generated step function-like

characteristics in the surface potential and electric field over the channel help to

2|Page



Abstract

increase drain potential variation and drain conductance while decreasing SCEs, with
DIBL.

The highest value of the electric field distribution helps to generate uniformly
expanded drift velocity of the electron along the channel so that it can minimize the
HCEs which is a major problem of general MOSFET. The step potential will increase
with the influence of temperature, interface charge effect, etc. All of the above

characteristics is improved by using HfO5.

e To generate the analytical model of surface potential, the 2D Poisson’s
equation for DMDG MOS transistor has to be solved with the help of six
boundary conditions.

e To evaluate the threshold voltage, electric field, drain current and other

parameters, the proposed surface potential model has been considered.

e To analyze the performance of ultrathin DMDG MOS transistor using high-k

material.

e To validate the proposed analytical model with TCAD simulation results

Summary

The DMDG and GCDMDG structure has been compared on basis of some
specific performance analysis like surface potential, electric field, threshold voltage
and drain current. The device performance also being analyzed with HfO, oxide
material.

In the Chapter 1, different varieties of MOSFET have been explained in order to
familiarise with MOSFETs. A brief overview of the many types of SCEs is also
provided. On the subject of lowering SCEs, a few notes on DMDG and GCDMDG
have been discussed.

In the Chapter 2, a review of DMDG and GCDMDG MOSFET are elaborated,
with high-k material used as the gate oxide material in both mechanisms. Various sorts
of MOSFET parameters are described, and the study effort is based on them. The high-
k material HfO: is discussed briefly.
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In the Chapter 3, the surface potential of DMDG structure has been generated
using SiO2 as well as HfO.. All the analytical result are also established with
simulation result. The generated step like surface potential for high-k material is found
to be lower than SiO,. The oxide material thickness can be increased in high-k
materials to achieve a comparable level of surface potential. It will help to overcome
the current tunnelling problem to some extent. The presence of HfO> causes an
increase in oxide thickness in order to maintain the surface potential and drain current.
By modifying the substrate doping concentration, temperature, and gate-source
voltage, the surface potential can be increased for the minimal oxide thickness.
Adjusting the device gate length also gives better results. As a result, it can be stated
that combining a DMDG structure with a high-k dielectric material as dielectric
material eliminates all scaling-down issues.

In the Chapter 4, the GCDMDG structure is studied on the basis of surface
potential and compared with DMDG and SMDG structures. The GCDMDG structure
has a greater potential profile than DMDG. Although it decreases due to the use of
high-k, it remains greater than a DMDG equivalent. It exhibits a two-lobed step
function potential profile, similar to DMDG. At different temperatures, the surface
potential of the GCDMDG structure can be increased for the minimal thickness value
of the oxide level. On the other hand, the electric field over the DMDG structure is
unaltered. In terms of short channel immunity, gate controllability, carrier
transportability, and hot carrier movements, the GCDMDG structure surpasses
DMDG. Among DMDG, SMDG, and GCDMDG structures, the GCDMDG structure
has the biggest source-channel potential barrier (i.e., large threshold voltage).

In the Chapter 5, the threshold voltages of DMDG and GCDMDG structures
have been considered. The threshold voltage in DMDG device construction is quite
low, however, it shows a rolling off tendency at a small scale channel dimension. This
will increase the current in the short channel. High-k materials can reduce this
problem. GCDMDG structure, on the other hand, has a larger threshold voltage than
DMDG structure, but it does not exhibit the rolling off nature with small scale device
dimensions. The threshold voltage is almost constant in this circumstance. The output

is more accurate while using high-k material.
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In the Chapter 6, drain currents of the structures have been illustrated. The evenly
doped DMDG structure is more prone to increase SCESs since its threshold voltage is
lower. It has the ability to increase the flow of unwanted current. Lowering the
threshold voltage results in increased drain current and improved voltage gain. A
higher amplification factor improves the device's performance. A graded channel
doping structure, on the other hand, has a larger threshold voltage. As a result, it is
more resistant to unwanted current and SCEs flowing through it.

In the Chapter 7, the general conclusion has been reached based on the research

findings.
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