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ABSTRACT

The work focuses on new alternative or successor to CMOS or MOS device which can combat
their disadvantages. Researchers are aiming to achieve better performing devices than
MOSFET in terms of sub-threshold slope, power consumption and scalability. This work is an
approach towards exploring one of such alternatives, the Tunnel Field Effect Transistor
(TFET). Some application specific structures of TFET are analytically modeled and validated

with the help of available simulation software during this work.

In first work the effect of source splitting in already drain splitted TFET is explored. Two
different source splitted TFET geometries are critically analyzed and performance based
comparison is done. During this work, the effect of source engineering in this drain engineered
TFET is extensively investigated. Due to differential doping in source region, a changed
behavior is expected in the modified TFET. This design modification is aimed towards
achieving better performance in terms of ON/OFF current ratio.

In second work a salient source TFET structure is inquired into along with analytical
expressions and simulation based results. The utility in low power application is the most
striking feature of this device. In this work an attempt has been made to establish the proposed

device as a better performing device than conventional double gate TFET.

The third work primarily aims to incorporate quantum mechanical models in the analysis of
DS-TFET. At the age of vigorous scaling, the inclusion of quantum mechanical models are
being obligatory in research works. An attempt has been made to do so to analyze the behavior
of the device more accurately .In this work, quantum confinement based on non-local tunneling

model along with self-consistent Schrodinger-Poisson quantum model is included.

In this work, the primary focus is on studying the effect of source engineering in TFET

technology. In all three works, the geometries of source region of proposed devices are

modified through engineering.




CHAPTER 1

INTRODUCTION AND OBJECTIVE

1.1. Introduction

1.2. A brief overview of TFET

1.3. Motivation of Current Research
1.4. Objective

1.5. Organization of Thesis

References
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1.1. Introduction:

The drawbacks of the conventional MOSFET technology influence researchers to develop numerous
experimental FETs which are remolding the nanoscale industry thoroughly. Reducing dimension in
nano-regime is no more able to uphold Moore’s law without degrading device performances.
Moreover, scaled MOSFET structures with sufficiently low threshold voltage cannot be realized due
to emergence of short channel effects. The swift technological advancement till date has only been
possible through continuous betterment of electronic products in terms of power consumption, speed,
cost, compactness, functionality and integration level. Miniaturization of device feature has been the
principal impetus behind these trends and it has led to substantial improvement of quality as well as
economic admissibility [1]. As enumerated by the Gordon Moore in 1965, the number of transistors
per integrated chip would be roughly doubled in every 2 years. Fabrication of cheaper, faster and
smaller Integrated Circuits (ICs) has been continued since last four decades to accomplish inevitable
hunger for better device performance. In the early 1980’s, dimension of minimum feature size in IC
traversed the sub-micron limit; whereas by early 2010s, both Intel and AMD announced their
commercial microchips using transistors with 32nm process. To keep pace with this implausible pace
of growth, generous financial support are being invested in research and development programs. Fig
1.1 is depicting the advancement of technology in last few decades. The transistor count was
exponentially increased in integrated circuits as predicted by Moore’s Law. But there exists a
fundamental geometrical limit which cannot be violated. At present time, semiconductor industry is
facing tough challenges. With each technology node, it is getting clear that after a certain period of
time, fundamental geometrical limits will be reached [2].

Therefore, to retain the performance trend, alternation of materials and innovation in geometrical
structures in the field of Nanotechnology are the need of the hour. In this context the emergence of
TFET took place in the field of electronics. TFETs can exhibit sub-threshold slope below 60
mV/decade due to a fundamental difference in the mechanism of current control as compared to
MOSFETSs. In MOSFETS, the current depends on the thermionic emission of free carriers across the
potential barrier between the source and the channel. On the other hand, the current in TFETS depends
on the charge carriers tunneling through a potential barrier between the source valence band and the
channel conduction band. As this potential barrier is very wide in the OFF-state of the device, TFETS

exhibit very low OFF-state current.
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Figure 1.1: Moore’s Law

Moreover TFETSs have a greater immunity to these short channel effects. It may be pointed out that
TFETSs differ from the MOSFET only in the type of source doping. Therefore, the integration of the

TFET fabrication process with the current MOSFET fabrication process would be easy.

1.2. A brief overview of TFET

Tunnel FETs use quantum-mechanical tunneling of electrons from the source to the channel as the

primary carrier transport mechanism, allowing for sub-60 mV/dec subthreshold slopes.

History

The origins of three-terminal devices come from the band-to-band tunneling component in a Trench
Transistor Cell [3]. A three-terminal tunnel device using this effect was proposed by Sanjay Banerjee
at Texas Instruments in 1987 [4]. This device required gate overlap of the source, a situation later
known as line tunneling. Later in 1992, Toshio Baba at NEC proposed a surface tunnel transistor
using GaAs and AlGaAs that utilized point tunneling [5]. In 1995, William Reddick at Cambridge
proposed a Silicon device using point tunneling [6]. All of these devices showed low currents and no
subthreshold slope under 60 mV/dec. In 2004, Jorge Appenzeller at IBM showed experimental
characteristics less than 60 mV/dec with carbon nanotube based devices [7].
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Device Principles

Tunnel Field Effect Transistors (TFETS) use the tunneling of electrons as the carrier transport method
for device operation. They are generally designed as gated pin diodes, where the gate is used to

modulate an effective tunneling barrier height [8].

Ideally, these devices would have a very low off-state current (proportional to reverse biased diode
leakage), a very low subthreshold slope, and acceptable on-current. TFETS can be generally classified
as point and/or line tunneling devices [9]. In a point tunneling device, the source does not appreciably
deplete, but the gate causes the channel region to invert, resulting in tunneling from the source to the
channel. In a line tunneling device, the source is inverted (generally by engineering an overlapped
gate with an optimized source doping profile), resulting in tunneling into the inversion layer, similar
to Gate-Induced Drain Leakage (GIDL) [10-13].

Drawbacks

TFET is a relatively new technology. It is still evolving. So naturally there are some challenges and
researchers are combatting it relentlessly. The primary concerns for researchers are low ON current
and ambipolar conduction in TFETs. These drawbacks will be discussed elaborately in the following

chapter.

1.3. Motivation of Current Research

Some of the drawbacks of TFET technology is mentioned in the previous section of this introductory
chapter. The motivation behind the present research work is to overcome these drawbacks [14].
Several transistor structures are explored to achieve

(@) Better on current or better ON/OFF current ratio .

(b) Reduced ambipolar conduction

The effect of source engineering in a drain engineered TFET is analyzed in this research work. Apart
from this, an attempt has been made to establish a TFET structure as a very low power consuming
device. It is shown that — lower the Vgs,better the performance .So it may be a solution for continuous
degrading nano device performance in terms of power. And finally quantum mechanical
characteristics are incorporated to perform the simulation in a double source single gate TFET [15-
16] .As channel length is shrinked below 20 nm and source or drain thickness is scaled down to the
range of 10 nm, it is important to incorporate quantum mechanical Schrodinger-Poisson model in
simulation as well as analytical calculation [17-18]. An attempt has been made to do so in this research

work.
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1.4. Objective

The objective of this thesis work is to establish TFET as an application specific device. The present
generation of low power electronics is awaiting a potential technological giant and TFET is a
promising candidate to fill up the blank space [19-20]. But there are some challenges those are already
mentioned. Once we can solve these issues, TFET may also be applied in commercial products. This
thesis work is an attempt to demonstrate several geometrical TFET structures and their operating

conditions so that it can fulfil the requirements of modern day low power electronics.

1.5. Organization of Thesis

The thesis is divided into five chapters and its outline is described as given below:

<> Chapter | is an introductory chapter. In this chapter it is investigated that how the present
work is relevant to other modern contemporary research works all around the globe. A very brief
overview of TFET is provided here. Challenges of TFET technology are mentioned. Finally, the
motivation and objective of the present work is discussed in this chapter.

<> Chapter Il presents the trends of various TFET technology in modern times and the
theoretical background studies related to present research work in details. The drawbacks of
MOSFETSs are speculated and hence the emergence of TFETS are justified in this chapter. Different
kind of existing TFETS are discussed. A brief literature review is presented too. A concise study of
drain engineered TFET is conducted. Based on these background studies, the next footsteps are
suggested in this chapter.

<> In Chapter Il the effect of source engineering in a drain engineered TFET is studied. This
work is based on simulation in Silvaco Atlas. This is extension of the work that was already done by
splitting the drain region of a TFET into two horizontal parts. In that case the ambipolar conduction
is reduced. During this work, the effect of source engineering in this drain engineered TFET is
extensively investigated. Due to differential doping in source region, a changed behavior is expected
in the modified TFET. This design modification is aimed towards achieving better performance in

terms of ON/OFF current ratio.
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X Chapter IV contains analytical modeling and simulation based result of salient source double
gate TFET structure. This salient source double gate TFET is an application specific device. Better
SS is found when drain voltage is lower. Hence it is better for low power application. Moreover
analytical surface potential model is verified by the help of simulation during this work. In this
chapter, the proposed TFET is established as a better performing device than conventional double
gate TFET.

X In Chapter V an attempt has been made to incorporate quantum confinement in DS-TFET
(Double Source TFET) based on non-local tunneling model along with self-consistent Schrodinger-
Poisson quantum model. Quantum confinement is considered in 1-D. As a result effective band gap
and subsequent tunneling barrier width is increased. Hence the results obtained through quantum
approach are more practical than semi-classical ones.

<> Chapter VI is concluding chapter. Here the findings of all the works are summed up.
Conclusion of the works are discussed in this chapter. The relevance of the thesis work is once again

analyzed .The utility of proposed structures are justified in this chapter.
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2.1 Introduction

In previous chapter we mentioned the problem statements of TFET technology. Primarily researchers

have three objectives

(a) To increase ON current

(b) To reduce ambipolar conduction.

(c) To minimize sub-threshold slope of the transfer characteristics.

In this chapter we will learn the prerequisites to conduct this research work.

2.2. Evolution of transistor

John Bardeen, William Shockley and Walter Brattain created history in 1947 at Bell Telephone

Laboratories when they invented transistor. Hence an unprecedented milestone was set in the field of

semiconductor industry.  Thereafter we gradually entered into the era of LSI (Large—Scale—

Integration), VLSI (Very-Large-Scale-Integration) and ULSI (Ultra—Large—Scale—Integration) to

compensate the ungratified demand of more compact, cheaper and faster electronic devices. Incessant

downscaling has made this progress possible and sustained Moore’s Law till now. But currently, the

semiconductor industry has reached a dipping point as further progress in traditional CMOS technology

is hindered due to a bunch of challenges. These challenges will be discussed in the following sections

of this chapter. Fig 2.1. indicates versatile application specific aspects of down sized transistors.

2 )

Y o o
5 E=mrr—
&

Evolution
of
Transistor

Fig.2.1. Evolution of Transistor
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2.3. Timeline of electronics since 1947

1947 - First point contact transistor was invented.

1952 - Transistor was commercially used for the first time
1954 - First mass produced transistors were demonstrated.
1954 - Transistor radio was invented.

1955 — Silicon dioxide was discovered.

1958 — Integrated circuit was invented.

1962 — MOSFET was invented.

1966 — Self-aligned gate process was invented for fabrication of FETS.
1967 — First handheld calculator.

1968- Molecular beam epitaxy was developed at Bell lab.
1971- Computer on a chip was introduced by Intel.

1972- Home video games are commercially available.
1974- TMS 1000 was introduced by Texas Instruments.
1980- Built in self-testing technology in circuit board.

1998- Plastic transistors was invented.

2.4. Technological Limitations of MOSFETSs

As device channel length is continuously decreased, gate control over channel deteriorates due to
enhanced nearness of MOSFET’s source and drain. As a result, Short—-Channel-Effects (SCEs) become
a serious challenge associated with downscaled MOSFETSs. When the channel length is shrunk to the
order of source and drain depletion-layer width SCE s emerges. SCEs lead to several reliability issues

as the basic device parameters (such as threshold voltage), become dependent on channel length[3-10].

Five different short-channel effects are:

1. Drain-induced barrier lowering

2. Threshold voltage roll off,

3. Surface scattering,

4. Velocity saturation and

5. Hot electron effect

2.4.1. Drain-Induced Barrier-Lowering (DIBL):

The drain voltage is able to impact strongly on the channel region as the dimensions of a MOSFET
transistor are reduced. This undesirable effect is called Drain —Induced — Barrier — Lowering (DIBL).

DIBL effect takes place when the barrier height for carriers at the source end reduces due to influence
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of drain electric field, upon application of a high Vgs (as shown in Fig. 2.2). As a result the number of

charge carriers injected into channel region from the source increases leading to an enhanced off-

current. Thus the drain current is not controlled only by Vgs,but also by Vs .
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Fig 2.2. Surface potential along the position in channel for Vps = 0.1 V and 1.5 V [1]
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Fig 2.3. Three mechanisms determining SCEs [1]

Apart from DIBL, there are two features determining short channel effects in thin-film SON devices

viz. (a) positive bias effect to device body due to accumulation of holes. These holes are generated

through impact ionization near drain and (b) the DIBL effect on barrier for holes at the source edge

near the bottom, as illustrated in Fig. 2.3. [1]

DIBL can be calculated as follows:
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dd low
Vth _Vth

DIBL = L
Vdd _Vdd

(2.1)

Where, V,,* is the threshold voltage measured for high drain bias (the supply voltage), and V,,™" is

the threshold voltage measured for low drain bias, typically 0.05 Volt or 0.1 Volt.

low

Vy, is the supply voltage and V,,*" is low drain voltage (for linear part of I-V characteristics).

Another process for measuring DIBL,called the Voltage-Doping Transformation model (VDT) [38] is
used to evaluate the dependence of DIBL on the transistor parameters like oxide thickness, gate length

or drain to source voltage. According to this model, DIBL is expressed as [39]:

DIBL = 0.80 £ [1 + L | box Men (2.2)

Eox LZ Lep Let
Where Le is the effective (electrical) channel length,
Vi =built-in potential,
tox = oxide thickness,
Xj = source or drain junction width

taep = penetration depth of gate field in channel.

However, transistor normally does not work at a low drain bias. Hence DIBL is not a parameter,
directly related to circuit operation, but rather it depicts the degradation of device characteristics such
as strong threshold voltage roll-off (Vi roll-off) and high off current (lorF) in subthreshold region.
Typically, DIBL is measured in mV/V.

2.4.2. Threshold Voltage Roll-Off
The expression of Short-Channel Effect (SCE) can be derived from the above mentioned VDT model
[39]:

SCE = 0.64 > Est [1 + ]th tfe” Vi (2.3)
el Lel

From the expressions of (2.2) and (2.3), the threshold voltage (Vi) of MOSFET can be deduced as:
Vin = Viho — DIBL — SCE (2.4)
This is typically measured in mV/nm. [39]
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Fig. 2.5. Threshold voltage roll-off for nano scale FinFET

2.4.3. Surface scattering

Electric field’s longitudinal component (gy) increases as the channel length shrinks as a result of lateral

extension of depletion layer into channel region, and at the same time the mobility becomes electric

field-dependent.[1] The collisions encountered by the electrons those are accelerated towards interface

primarily due to influence of the electric field’s horizontal component (&), is called surface scattering.

This phenomenon causes reduction of mobility [1]. As the carrier transport in MOSFET is confined

within narrow inversion layer, the electrons face greater trouble in moving parallel to the interface.

Therefore, even for small &y, the average surface mobility is roughly half of the bulk mobility. We can

get an idea of the mutual dependence of mobility , gate voltage and the threshold voltage from Fig 2.7.
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Fig. 2.6. Cross section view of MOSFET
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Fig. 2.7. Mobility dependence on gate voltage

2.4.4. Velocity saturation

The next important SCE that we will cover in this chapter is “velocity saturation” which is the

consequence of a high lateral electric field (€y) along the scaled channel. At low €y, the drift velocity

of mobile carriers in the channel region varies linearly with the intensity of electric field. However, as

€, raises above 10* V/cm, the drift velocity increases more slowly, and approaches to the saturation

limit of 10" cm/s around €,=10° VV/cm at 300 K. Here, the drain current is limited by velocity saturation
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leading to reduction of the transconductance in saturation mode. After incorporating velocity

saturation, the maximum transconductance (gm) achievable by a MOSFET is given as

gm= WC oxVie(sat) (2.5)

Constant veloats

(cmy/sec)

n

e
1.5 E(V/ um)

Fig. 2.8. Velocity Saturation

2.4.5. Hot Electron Effect

Another problem originated from the high electric field and short channel, that degrades the behavior
of MOSFET devices is called “hot electron effect” (Fig. 2.9). Electrons acquire a large amount of
energy from that electric field and they forcefully enter the oxide. In this oxide region the electrons can
be trapped; hence the charge density is increased .These charges can accumulate with time. Moreover
these charges can degrade the performance of the device by increasing threshold voltage and reducing
the gate’s control on drain current. In case of semiconductor devices, the hot electron effect occurs
where the electrons can rise above the conduction band. Instead of being conducted to a collector
through the material or recombining with holes, these ‘hot’ electrons can penetrate the semiconductor
material. These electrons generally give away their excess energy as phonons. Also, in MOSFETS, the
hot electrons may jump from the drain to the gate or the substrate. Therefore, consequent effects of this

phenomenon include heating of the device, and increased leakage current.

Apart from short channel effects MOSFET has limitation in terms of Sub-threshold swing. Maximum
SS achievable in MOSFET is 60 mV/decade. To overcome these shortcomings researchers carried on
their research vigorously and as a result Tunneling Field Effect Transistor came into the picture. In the
next section, we will look into basics of TFET.
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Fig. 2.9. Hot electron effect

2.5. Introduction to TFET

Researchers’ relentless efforts made us move towards the era of low power and high-speed with
enhanced device packing density [1] This introduces devices with dimensions in nano metre range as
well as better RF performance.In previous section we studied that MOSFET s have major
disadvantages like high leakage, more power dissipation, various short channel effects and threshold
voltage roll off when we move towards nano-regime . Hence emergence of technologies like TFET
was inevitable. It is found that TFET devices performs better than MOSFET devices when channel
length is scaled down. The predominant advantage of TFET is current conduction through modulation
of quantum mechanical Band-to-Band Tunneling (BTBT), which is a result of finite, but non-zero,
probability of tunneling through a potential barrier, a process in which electrons tunnel from the
valence band through the semiconductor bandgap to the conduction band or vice versa without any
trap assistance. This merit carries forward the advantages over the thermionic injection across an
energy barrier for carrier transport in MOSFET. Thus, due to its built-in tunnel barrier, where the
channel current in TFET is controlled by tunneling mechanism from the source, the TFET device is
immuned to short channel effect and the subthreshold swing of conventional TFET is usually under 60
mV/decade at 300 K, allowing TFETS to have SS as low as 20 mv/decade, which is the main reason to

design low voltage, less power consuming operating devices in this technology.
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Basic Operation of TFET

(i) Thermal Equilibrium

Band diagram of a TFET with no external bias (i.e Vgs=Vds= 0) in thermal equilibrium is shown in
Figure 2.10. Two depletion regions are formed in this case, one each at the source—channel junction

and the channel—drain junction [1].

Ec

Energy (eV) |:>

Source (p+) Channel (n-) Drain (n+)
Distance along the Channel E>

Figure 2.10. Band diagram of a n-channel TFET at zero bias[1].

(i) Off State

The TFET stays OFF when Vds> 0 and Vgs= 0. The energy band diagram for OFF state is shown in
Figure 2.11. Current is generated in off state due to the existence of carriers in the conduction band.
These carriers drift towards drain and hence current is generated. But in n-channel TFET the source is
p-type. Therefore, very few free electrons is present in conduction band unlike MOSFET s. This causes
negligible OFF current.

Ec

=

Vi=0v
RS -
= »
No energy state
available

Energy (eV)

Source (p+) Channel (n-) Drain (n+)

Distance along the Channel [ >

Figure 2.11. Band diagram of a TFET in the OFF-state at Vgs= 0 V [1].
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(iii) On State

As Vgs is increased the energy band level varies as shown in Fig. 2.12. At a certain value of the gate
voltage Vgs, the valence band in the source gets aligned with the conduction band in the channel. Now
the electrons can conduct tunneling from valence band to conduction band through the barrier caused
by the band gap. As Vgs is further increased, the bands present in the channel region are further lowered
in energy resulting more electrons to tunnel This leads to a steep increase in the current because of

the increase of tunneling probability.

Vgs=0V
— Vgs=0.4V
ﬁ — Vgs=0.5V
— Vgs=0.6V
g
G
=
=
Source (p+) Channel (n-) Drain (n+)
Distance along the Channel :>

Figure 2.12. Band diagram along the surface of the TFET for (Vgs= 0, 0.4, 0.5, 0.6) in the
ON-state [1].

2.6. Major shortcomings of TFET

There are several shortcomings in TFET technology. Two of them are most predominant and are the
area of interest for present day researcher scholars. Those are following

2.6.1. Low on current

2.6.2. Ambipolar current conduction

2.6.1. Low on current in TFET

In n channel TFET the source is of p type. Hence the carriers present in conduction band is much less
than MOSFET s. As a result lesser number of current carriers are injected into the channel. This
phenomenon leads to low on current in TFET devices.

In MOSFET devices current is achievable in milli-ampere range whereas in TFET devices normally

current is achieved in microampere range that is thousand times smaller .
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2.6.2 Ambipolar current conduction

As Vgs is decreased below 0 V, the valence band of the channel is aligned with the conduction band
of the drain, and the electrons from the valence band of the channel tunnels into the conduction band
of the drain, resulting in a current flow. The electrons tunnel in same direction as in the case of positive
gate bias. This phenomenon results in the device current having the same polarity even at a negative

gate bias.This is called ambipolar conduction and is shown in Figure 2.13.

tr>1

N ty EV, Channel

Source Channel Drain

Distance along the channel [ ==

Figure 2.13. Band diagram along the surface of a TFET for a negative gate voltage (\VVgs) and a
positive drain voltage (\Vds) [1].

2.7. Structural difference of TFET and MOSFET

As shown in Fig.2.14 and Fig. 2.15, N- channel MOSFET has n-type source and n-type drain unlike
TFET. This is why carrier injection rate is higher in MOSFET than in TFET. Consequently, both
leakage current and operating on current is much less in TFET than in MOSFET. Moreover, carrier
transport mechanism is different in MOSFET and TFET. In MOSFETS current is generated through

thermionic emission mechanism whereas in TFET tunneling takes place [1].
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Figure 2.14. N-channel TFET
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Figure 2.15. N-channel MOSFET
2.8. Performance dependence on several parameters of device
Device parameters like doping, gate work function, gate oxide permittivity etc. cause variation in
TFET performance. Researchers have to optimize these parameters. Now, we will study these

performance dependences briefly.

2.8.1 Doping

If we dope source region heavily, a narrower depletion region is formed in the source side. Hence
tunneling width is lesser than in the case of low doped source region as shown in Fig. 2.16. This is
the reason why larger on current is achievable in case of heavily doped source region. Similarly drain
region should be doped moderately to curb ambipolar conduction as tunneling in the channel-drain

junction is an unwanted phenomena in TFET.

Source Channel Drain
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Figure 2.16. Band diagrams along the surface of an n-channel TFET with different values of source

doping concentration. [1]
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Figure 2.17. Transfer characteristics of an n-channel TFET with different drain doping concentrations

2.8.2. Gate work function

for a fixed drain voltage (VDS). [1]

From fig. 2.18 and 2.19. we can understand that if we decrease the gate work function,source channel

tunneling is increased and channel drain tunneling is decreased. .Consequently right hand curve of

the transfer chracteristics is raised whereas the left hand curve of the transfer characteristics is

lowered along current-axis. Hence,curve’s central point is shifted towards left.
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Figure 2.18. Band diagram along the surface of an n-channel TFET for different values of the gate

work function.
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Figure 2.19. Transfer characteristics of an n-channel TFET with different values of the gate work
function.

2.8.3. Gate Oxide

We know Cox = Eox/tox. More the oxide capacitance, more the gate-control over channel. To increase
oxide capacitance we can use oxides with higher permittivity and also we can reduce the thickness of
the oxide layer. But in latter case, more leakage current will be present as tunneling probability is

more due to the thin oxide layer. Gate leakage is shown in Fig. 2.20.

(2) , (b)
5i0, 5i0,

Matal Silicon Medtal /_,_,.z-"’“ Silicon

Figure 2.20. Gate leakage in a TFET through (a) SiO2 and (b) HfO2/SiO2 gate stack [2].
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2.9. Different types of existing TFET

Broadly we can classify TFET in two categories
(a)Planar TFET — Here current carrying surface is planar .
(b) Three dimensional TFET — In this case current carrying surface is three dimensional.

2.9.1 Planar TFET

Generally in SOI TFET a thin silicon layer (in order of 10 nm) is grown on a thick buried oxide layer
(in order of 100 nm).This buried oxide layer blocks leakage currents through the bulk region .

-
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Figure 2.21. P-channel SOI TFET

Different types of already existing planar TFETS are as follows

(a) Double gate TFET

This TFET structure consists of two gates. One at the top end and is known as front gate .Other one is
at the bottom end and is called back gate. The presence of two gates increases the controllability over

the channel
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Figure 2.22. P-channel double gate TFET
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(b) Dual material gate TFET
A schematic of dual material gate TFET is shown in fig. 2.23 In this structure gate consists of two

materials. Gate near the source end is called tunneling gate and the gate near the drain end is called

auxiliary gate. The fabrication of this device is possible using sidewall spacer technique. [3]-[5]

Sourca
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(¢c) p-n-p-n TFET

Figure 2.23. P-channel dual material gate TFET

A schematic of p-n-p-n TFET structure is shown in figure 2.24. The narrow P+ pocket near the

source-channel junction results to narrower tunneling width. Hence, this structure can provide larger

ON current than the conventional one.
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Figure 2.24. p-n-p-n TFET
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(d) Raised Ge-source TFET

Silicon TFETs have a limitation of low on current . To overcome this limitation low bandgap material
germanium is used. Moreover the advantage of raised source structure is that more tunneling area is
provided. Hence, more on current can be achieved. Apart from that,this structure provides steeper

subthreshold swing than the conventional TFET.

@ G

s - | D

v ||
BrBT  Tox —

Taeo

P Si

[ Toox [
(b) a © G
e J—
S BTBT
PSi PSi

Figure 2.25. Schematic of (a) planar, (b) partially raised and (c) fully raised Ge-source TFETS.
Directions of tunneling in each case are shown by arrows [6].

(e) Heterojunction TFET
Heterojunction TFET consists of 111-V materials instead of silicon. As shown in fig. 2.26. (b) band
diagram is staggered near the source-channel junction. Consequently tunneling width becomes less and

large on current is achievable.
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Figure 2.26. (a) Schematic view of an n-channel heterojunction TFET. (b) Band diagram of the
heterojunction TFET shown in (a) [7].
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(f) Ferroelectric TFET

In ferroelectric TFET a ferroelectric stack material is used between gate metal and oxide. When Gate
voltage is applied ,effective gate voltage is increased due to the polarization of ferroelectric material

[8] .Hence on current is increased in this type of TFET than conventional ones.

e e R A
Bours Body (infrinsic)
i) 5 Oxide

Figure 2.27. P-channel ferroelectric TFET

Moreover,ferroelectric TFET also gives better performance in terms of subthreshold swing. This is

depicted in figure 2.28.
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Figure 2.28. Comparison of the ID-VVGS curves of a ferroelectric TFET with that of a MOSFET and
a conventional TFET [8]
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2.9.2 Three dimensional TFET

In three dimensional TFET s current carrying surface exists along three dimension. Most popular 3D

TFET s are gate all around nano-wire TFET and tri-gate TFET.

(a) Gate all around nano-wire TFET

In this structure 2 nm thick gate oxide surrounds silicon nanowire of radius 10 nm .And oxide is

covered all around by gate metal. This TFET achieves better gate control over channel than double

gate TFET [9]-[15].

Gale

Source

) Oxide
B Gate metal

Figure 2.29. Gate all around nanowire TFET

(b) Tri-gate TFET

Tri-gate TFET s are being produced commercially by Intel. It is simpler to fabricate than gate all around

nanowire TFET. Short channel effects are done away with in this structure. It also performs better in

terms of on current and subthreshold swing.

Il Gate metal
I Oxide

e Substrale

Figure 2.30. Tri-gate TFET
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2.10. Drain Engineered TFET

Splitted drain structure displays considerable reduction in ambipolar conduction due to increase of the
tunneling width at the channel-drain junction [17]. Based on this a research work was conducted .[18].
In this extended work four TFET structures are considered.

(@) Splitted-Drain Single-Gate TFET (SD-SG TFET: total drain is splitted),

(b) Top-Splitted-Drain Single-Gate TFET (TSD-SG TFET: splitted-drain in upper location),

(c) Mesial-Splitted-Drain Single-Gate TFET (MSD-SG TFET: splitted-drain in middle location),
(d) Basal-Splitted-Drain Single-Gate TFET (BSD-SG TFET: splitted-drain in bottom location).

2.10.1 Device structure and parameter

The 2-D cross-sectional view of the p-channel TFET structures are given in Fig. 2.31. (a) Splitted-
Drain Single-Gate TFET (SD-SG TFET), (b) Top-Splitted-Drain Single-Gate TFET (TSD-SG TFET),
(c) Mesial-Splitted-Drain Single-Gate TFET (MSD-SG TFET) and (d) Basal-Splitted-Drain Single-
Gate TFET (BSD-SG TFET). The structures contain two separate drain regions of different
concentration instead of a single doped drain region present in a conventional TFET. The highly-doped
drain region is above the lightly doped region. The Doping specification of the TFET models are: P+
type source region (1x102°cm™2 and P channel region (1x10%" cm™3), which are kept constant for all
the simulations. Such doping concentration create a tunnel junction between source and channel where
the phenomenon of inter-band tunneling occur for the TFET to conduct in N-mode. The doping
specification of the upper N+ doped drain region is 5x10% cm™, drain electrode has the Ohmic contact
with this higher doped drain region. The lower N doped drain region is 1x10*" cm™. Both disparate
drain regions are variably doped to attain an optimal doping profile after analyzing the simulated graphs
of all the characteristics. The device is simulated with lateral dimensions of 70nm, 50nm, 70nm for
source, gate and drain respectively and a total device length of 250nm. A 30nm oxide overlapped
depletion region is present in both side of source and drain, this region is to reduce impact ionization
and improve ON current. The vertical dimensions of Si ground plane andSiO> spacer is 20 nm and
20nm respectively. The length of the both parted drain regions D1 and D2 are varied to get the optimal
dimensions for better characterizations and in these structures, both drain parts vertical lengths are
30nm each for SD-SG TFET and 5nm for other three TSD-SG TFET, MSD-SG TFET, BSD-SG TFET.
The dielectric used for gate electrode is SiO», which has a thickness of tox = Lnmand dielectric constant

is 3.9. Table 2.1 summarizes all the parameters for all the structures [19]-[26].
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Table 2.1 Device Parameters

Parameters Symbol SD-SG TSD- MSD-SG BSD-SG
name/unit TFET SG TFET TFET
TFET
Source doping Ns 1x10% 1x10% 1x10%° 1x10%°
(cm™)
Channel Nech 1x10%7 1x10%7 1x10%7 1x10%7
doping(cm3)
Drain doping Np1 5x10%8 5x10% 5x108 5x108
(cm™) No2 1x10% 1x107 1x10% 1x10%
Substrate Ni 1x10%7 1x10% 1x10%7 1x10%7
doping (cm®)
source length Xs 100 100 100 100
(nm)
Channel Length L 50 50 50 50
(nm)
Effective Leff 50 50 60 70
Channel Length
(nm)
Drain Length Xd 100 100 100 100
(nm)
source width Ys 60 60 60 60
(nm)
Channel width W 60 60 60 60
(nm)
Drain width Ya1,Ydz 30, 30 55 55 55
(nm)
Length of Leo 70 5 5 5
electrical drain
(nm)
Silicon body Tsi 60 60 60 60
thickness
Oxide thickness Tox 1 1 1 1
(nm)
Work function Oms 4.1 41 4.1 41
of control gate
(eV)
Substrate, box Thox 20 20 20 20

thickness (nm)
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Figure 2.31. Device Structure of (a) Splitted-Drain Single-Gate TFET (SD-SG TFET), (b) Top-
Splitted-Drain Single-Gate TFET (TSD-SG TFET), (c) Mesial-Splitted-Drain Single-Gate TFET
(MSD-SG TFET) and (d) Basal-Splitted-Drain Single-Gate TFET (BSD-SG TFET)

2.10.2. Observations

Analytical and simulation based study was conducted during the research work. Following are some
observations found .From Fig.2.32 we can understand the potential profile performance is the best in
case of BSD-SG TFET. A comparative graphical result is demonstrated in Fig. 2.32. As the potential
is higher in BSD-SG TFET, the drain current is also is the highest in the proposed structure. The
comparison between transfer characteristics of several structures is graphically represented in Fig,
2.33.
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Figure 2.32. Comparison of potential profile
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Figure 2.33. Comparison of transfer characteristics

From Fig. 2.33. we can make out that ambipolar current is considerably reduced in this drain-

engineered TFET structures. All the proposed structures are better than conventional TFET as shown

in Fig. 2.33.
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2.11. Literature Review:

++ Saurav Roy et al. demonstrated a vertical ultra-thin body TFET [28] in 2017. A dielectric body wall
or STI wall is used as an isolating material in this device. In this study it is revealed that the proposed
device structure works identically to a SOI-MOS without using SOl wafer. As STI wall is used instead
of buried oxide layer, it overcomes the high cost factor and complex fabrication procedures in case of

SOI wafers. Moreover, it is claimed that proposed FET structure can be scaled down extensively.

¢+ Zheng Chen et al. have introduced a new concept of energy efficiency by varying source doping
gradient of TFET [29]. A relationship has been established between switching activity factor, nominal
SDG and o-SDG. Based on this relationship the optimal design technique is investigated during this

research work with the view point of source doping gradient variation.

+ In [30] a two source TFET is demonstrated by Navjeet Bagga et al. In this study introduction of two
sources ensures increased tunneling area that leads to better device performance in terms of on current.
In a nutshell the utility of this TFET structure primarily depends on the enhanced BTBT obtained by

the structural modification.

+ In [31] Jang Hyun Kim et al. has conducted a research work regarding sandwiched vertical lightly
doped Si- channel in double gate TFET. This structure exhibits excellent tunnel controllability. An

improved performance in terms of SS and ON/OFF ratio are also achieved in this VS-TFET.

+ Bijoy Goswami et al. demonstrated a TFET design with a T-shaped channel in one of their studies
[32]. In this device better tunneling profile is noticed than conventional TFET. The emphasis is given
on reduction of ambipolar current during the research work. Furthermore, better ON/OFF current ratio
is achieved in this T-Channel TFET than traditional TFET device.

+» Bijoy Goswami et al. also demonstrated another TFET structure to study the effect of differentially
doped drain on the device output characteristics and its ambipolar behavior [33]. Here ambipolar
current is surprisingly found much more suppressed than popular TFET structures. So,the proposed
structures in this study are proved to be power efficient and application oriented in the field of emerging
TFET technology.
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+«»+ Fan Chen et al. have conducted a study on the scalability and switching mechanism of Vertical-
TFETSs [34]. The interrelation between switching mechanism and energy filtering has been the centre

of attention here . Based on this relationship, several optimizations in device dimensions are done.

¢+ Cem Alper et al. have simulated several TFET devices incorporating quantum mechanical models
[35]. This work has taken care of the sub band quantization .Similar approach is observed in a research
work conducted by J.L. Padilla et al [36]. The primary motivation behind these two works is to look
into the degradation of output current behavior due to sub band quantization. The quantum mechanical
models deviate the device characteristics from the ideal one. As we are moving towards ultra-nano
regime ,we need to take care of quantum mechanical effects. Hence these works are invaluable in the
field of TFET technology.

+¢+ Pritha Banerjee et al. have demonstrated a 3D Silicon on Nothing MOSFET in one of their academic
explorations [37]. Physics based several models are incorporated in this research work. An analytical
model is also formulated in the work. This work explains some major drawbacks of MOSFETSs so that

emergence of better performing TFET is necessary right now.

2.12. Next footstep

We have already looked into the effect of drain engineering in previous section. Our present research
work is motivated to study the effects of source engineering in several TFET structures. [21-26]

In following three chapter we will make an attempt to do so.

+* In chapter 3 we will study the effect of differentially doped source region.

«¢+ In chapter 4 we will study the effect of source extension in both sides. (i.e salient source TFET)

+¢+ In chapter 5 we will make an attempt to model a double source TFET structure

So in this research work,we are trying to have a clear idea about the effects of source engineering in
TFET structures.

2.13. Simulation software

All the simulations during the research work is done in Silvaco ,Atlas.[27]
ATLAS provides general capabilities for physically-based two (2D) and three-dimensional (3D)
simulation of semiconductor devices. It predicts the electrical behavior of specified semiconductor

structures and provides insight into the internal physical mechanisms associated with device operation.
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2.14. Quantum simulation

Several local and non-local tunneling models can be incorporated in quantum simulation [27]
Moreover density gradient model and self-consistent Schrodinger —Poisson model is also included in
simulation Variation of several parameters are also analyzed in these quantum models in that study.

Following that research work we have also attempted the same in the double source TFET structure.
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CHAPTER 3

IMPACT OF SOURCE ENGINEERING IN SPLIT DRAIN TUNNEL
FIELD EFFECT TRANSISTOR

3.1. Introduction and Proposed Work
3.2. Device Structure and Parameters
3.3. Simulation Setup

3.4. Results and Discussion

(a) Electron Mobility

(b) Drain Output Characteristics
(c) Band Diagram Analysis

(d) Transfer Characteristics
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3.1. Introduction and proposed work

This chapter confers the results of the analysis of source and drain doping engineering for a 2D
TFET model. Two different models have been extensively studied that are composed of split
source and split drain region with varying doping concentration. Both the models consist of split
drain, one with split source and another with double split source and are specified as Split Source
Split Drain TFET (SS-SD TFET) and Double Split Source Split Drain TFET (DSS-SD
TFET).The device characteristics are compared with Split Drain (SD TFET) model [1-3] and
the improvements are registered that exhibits reduction in ambipolar conduction (OFF current)
along with the increase of tunneling effect.

Ambipolar conduction [3-9] is the foremost curtailment in case of TFET at the drain channel
junction in addition to low ON current than MOSFET [10]. To overcome this shortcoming, gate-
drain underlap structure [13] is suggested that reduces the ambipolar conduction significantly
along with the current driving capability [12] which is not acceptable. Therefore an alternative
perspective is considered in this paper where source as well as drain doping engineering [11] is
included in 2D TFET devices. The structures are investigated by simulation to study the
influence of the split drain and split source regions. The structures are named after the split
regions at source and drain such as Split Source Split Drain TFET (SS-SD TFET) and Double
Split Source Split Drain TFET (DSS-SD TEFT). In the first case source is split into lightly doped
followed by a heavily doped p type region and in the second case it is split into three regions
where an additional heavily doped n type region accompanies the previous case. This structure
offers many advantageous outcome such as low OFF current and low ambipolar conduction. The
study consists of comparison of 1¢-Vgs and l¢-Vas characteristics among the three different
structures. The band diagram considering different conditions of gate and drain bias are also
analyzed.

Simulations are performed using Silvaco, Atlas.
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3.2. Device structure and parameters
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Fig 3.1: Structures along with corresponding doping profiles of (a) Split Drain
TFET (SD TFET), (b) Split Source Split Drain TFET (SS-SD TFET) (c) Double
Split Source Split Drain TFET (DSS-SD TFET)

The structures in Fig 3.1 are 2D cross sectional view of (a) Split drain TFET (SD TFET) , (b) Split
source split drain TFET (SS-SD TFET) and (c) Double split source split drain TFET (DSS-SD TFET)
derived by the simulation in Silvaco, Atlas. The drain regions of all the structures considered here are
split regions having different doping concentrations in comparison with conventional single doping
drain region TFET. The other two variants of structure includes split source region along with split
drain with different doping profile. The drain doping specifications are given as follows: highly doped
n type drain region (5x10'8cm™3) above lightly doped n type drain region (1017 cm~3).The source
doping specification for double split source is: lightly doped p type region at left side (1017 cm™3),
highly doped p type region in the middle (10'8cm™=3) and highly doped n type region at the right side
(108cm—3). The split source structure has source doping specification similar to double split structure
except the right side highly doped n type region. Channel is n type and body of the device is p type
with both having concentration of 105¢cm=.The doping concentrations are kept constant throughout the
simulation process including the tunnel region which is responsible for the interband tunneling
phenomenon. The lateral dimension of the device is considered as follows: the total length of the device
is 80nm which is divided into 30nm, 20nm and 30nm for source, channel under gate and drain regions
respectively. Above both source and drain regions some oxide overlap regions having length 5nm and

thickness of 3nm is present to prevent impact ionization and to increase the conductance during ON
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time. The vertical length of both the oxide and bottom semiconductor plane is 20nm each. The effective
vertical dimension of each of the parts of the split drain is 5nm. The drain contact is made at the lower
lightly doped drain region only. For split source the length of the left part is of 27nm and the right part
is 3nm whereas for double split source the lateral dimension of the left part is of 25nm, middle part is
2nm and right part is 3nm. SiO2 is used as the gate dielectric having dielectric constant of 3.9 and
thickness of tox=2nm and n-type polysilicon is used as the gate material.

Fig. 4.1 displays the mesh points at the source channel and channel drain junctions are more closely

spaced in order to obtain better accuracy of the results.

3.3. Simulation setup

Silvaco, Atlas version 5.20.2.R is used for simulation considering the following models: Lombardi
mobility model (CTV), Fermi Dirac statistics and the Shockley-Read-Hall and Auger recombination
models, bandgap narrowing model , nonlocal BTBT.

3.4. Results and discussion:
(a) Electron Mobility

o0m op3  Mewss gy [1°3 %

Fig 3.2: Electron Mobility profile of the carriers for the DSS-SD-TFET structure.

Fig. 3.2 exhibits the mobility of electron for the DSS-SD TFET structure. It is evident from the figure
that the red colored areas have highest mobility that is present along the channel from source to drain.
As the mobility is greater for the lower part of the split drain therefore the drain contact is taken at the

lower part only.
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(b) Drain Output Characteristics

Drain output characteristics are depicted in the following Fig.3.3 for the above discussed three
structures such the SD TFET model, the SS-SD TFET model and the DSS-SD TFET model. In all
the three cases the channel length is taken as 20nm. The range of Vds is upto 1V along with Vgs
value of 0.5V. It is evident from the figure that the drain current is maximum for DSS-SD TFET
among the three structures considered here suggesting it as the best in this case.
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Fig.3.3: Comparison of Drain current vs VVds characteristics for three structures
such as SD-TFET, SS-SD TFET and DSS-SD TFET.

(c) Band Diagram Analysis

The band diagrams of the above three models are analyzed for two conditions such as: Vgs =Vgs =1V
and Vgs>Vgs Where Vgs =1.5V and Vgs =1V. Keeping Vgs =1V at constant value when Vg =1V, TFET
will be just ON and when Vg =1.5V, TFET will be in ON condition.

In comparison with the SD TFET structure we observe that SS-SD TFET structure provides
improvement in terms of source tunneling and significant reduction in ambipolarity.The outcome of
DSS-SD TFET structure additionally exhibits drastic reduction in ambipolar conduction because of
reverse band bending at the drain end. The tunnel width is also minimum in DSS-SD TFET structure
among all the three presented here depicting better ON current[14-15].
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Band diagrams for the SD TFET model are shown below.
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Band diagrams for SS-SD TFET is shown below.
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(d) Transfer Characteristics

The transfer characteristics of the three structures are compared for the Vg sweep from -0.5V to 2V for
Vis=1V.

The graph of Fig.3.7 depicts that the device ON current for SD-TFET is lower than SS-SD TFET and
DSS-SD TFET due to broader tunnel width. In addition to this the DSS-SD TFET exhibits lowest OFF
current among the three structures[16-18]. Table.1 contains the ratio of ON-OFF current for three
structures and it is evident that DSS-SD TFET has the best lon/loff ratio among the three. This

characteristics proves the effectiveness of the structure.

TABLE 3.1. COMPARISON OF ON-OFF CURRENT RATIO FROM

SIMULATION
STRUCTURE DSS-SD TFET SS-SD TFET SD TFET
Lon/loft 5 x 10%° 1.49 x 10% 5.6 x 108
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Fig 3.7: Transfer characteristics of SD TFET, SS-SD TFET and DSS-SD TFET
structures.
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CHAPTER 4
ANALYTICAL MODELING AND SIMULATION OF

LOW POWER SALIENT SOURCE DOUBLE GATE
TFET
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4.1. Introduction and Proposed Work

The analytical surface potential model of 22nm salient source Double Gate TFET(SS-DG-TFET) is
presented in this paper. The surface potential is analyzed as the performance parameter along with
assessment of improved ON/ OFF current ratio. The variation of tunnel current is examined under same
front and back gate bias together with identical oxide thickness [1]-[4]. The source region has been
extended symmetrically in both direction in order to enhance the conductivity of the channel region and
it has been efficiently deployed in the proposed model[5]-[11]. The execution of low power functionality
and lower sub-threshold slope is also established in this model. Performance study [12]-[14] has been
conducted previously along with the development of analytical models for the description of TFET
devices [15]-[24]. The deficiency of proper drain current model [21],[22] and in some of the models
[23],[24] the influence of depletion region on the drain current is limited to the source side only and
ambipolar conduction at the channel drain interface [25] has been overlooked. Previously the tunnel
current was determined by numerical integration of carrier generation rate upon depletion region rather
than tunneling length[18],[20],[21],[24],[26]. We consider the tunneling process at the source channel
interface in the proposed design . The boundary conditions are estimated considering the maximum and
minimum tunneling length at the interfaces for the bias conditions [27].

The most attractive feature of the proposed structure is low power friendliness. Several results are
compared by applying different drain voltages. Transfer characteristics comparison is presented in this
work. Further tunneling phenomenon is analyzed from energy band diagrams of the device under
different operating conditions.Thereafter electric field and potential study has been conducted. An
analytical model of surface potential is derived. At last a comparison is done between the proposed
structure and the conventional double gate TFET.

All the simulations are executed by Silvaco, Atlas.

4.2. Device structure with optimized parameters
The 2D cross sectional view of the proposed SS-DG-TFET structure has been depicted in Fig. 4.1. The

structure contains an extended source region which is symmetric on both vertical sides resulting into the

vertical dimension of the source to be 28nm whereas the drain region as well as the channel region
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are restricted to 14nm of height. The channel length is considered to be 22nm for best performance and
length of both the source and drain regions are taken as 10nm each. So the total device length is
determined to be 42nm. The optimum doping concentration after investigation is found to be 1x10% cm
3, 1x10%5¢m=3 and 1x10° cm~3in source, channel and drain regions respectively. It can be clearly
identified in Fig.2 where y axis indicates doping concentration in logarithmic scale. The source region is
heavily doped P+ type, channel is lightly doped N type and drain is heavily doped N+ type silicon. The
oxide region is extended laterally as well as vertically at source side to avoid contact of the gate with
source region as the source is also extended and the same technique is adopted at the drain side as well
to maintain the symmetric structure. The lateral dimension of extended oxide on both side of gate is 1nm
each which results into the total oxide length of 22nm whereas the optimum gate thickness is found to
be 4nm with 20nm length. So the vertical dimension of oxide regions are tox = 1nm under gate and 5nm
at the extended parts. This oxide and gate structure is followed in both the upper and lower gates of the
dual gate structure for symmetry. The dielectric used for gate oxide is SiO> with dielectric constant 3.9
and N type polysilicon is used as gate material.
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Fig. 4.1: 2D cross sectional view of salient source DG-TFET
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Fig. 4.3: Electron and hole concentration in SS-DG-TFET

Further we can estimate the behavior of charge carriers (i.e. electrons and holes) in SS-DG-TFET along

the length of source, channel and drain region from Fig. 4.3. As source region doping is p-type Si whereas
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channel and drain consist of n-type Si, hence electron and hole concentration along the length (x-

coordinate) of the device is self-explanatory from the figure.

4.3. Results and Discussions:

(a) Study of Gate Voltage-Drain Current Characteristics

From the curves of drain current with respect to gate to source voltage it is prominent that the OFF
current decreases resulting into lowering of ambipolar conduction with respect to conventional TFET.
Thus in low power also the ON to OFF current ratio is in the order of 10%° that depicts good performance
characteristics of the proposed model. We have investigated the gate current for three different drain to
source voltages such as 0.4V, 0.5V and 0.6V. It is evident from Fig. 4.4 that sub-threshold slope (SS)
decreases with the decrease of Vds . This phenomenon is striking .1t can be concluded that the device
works as better TFET in lower drain-to-source voltage. When Vds = 0.4 Volt that is at the lowest voltage
among the three compared here, SS is lowest which exhibits the best performance of the proposed model.

It indicates that the structure operates as the best in low power.
TABLE 4.1

VALUES OF SUB-THRESHOLD SLOPE CORRESPONDING TO Vs

Gate Voltage Sub-threshold
Slope

0.4 Volt 39 mv/decade

0.5 Volt 48 mv/decade

0.6 Volt 54 mv/decade

Table 4.1 suggests that the proposed TFET is low power friendly device in terms of subthreshold slope ,hence it

is faster in low power operations than conventional double gate TFET.
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(b) Band Diagram Analysis

Fig. 4.5 depicts the band diagram of the SS-DG-TFET for three different Vgs conditions specifically
(@)Vas=0.4V, (b)V¢s=0.5V and (c)V4s=0.6V. From Fig. 4.5 it is evident that the tunneling at the source
side is almost similar in all the three cases considered here despite of drain to source voltage variation.
As the tunnel width is very less so the tunneling effect is predominant at source side. This improved
tunneling behavior is the consequence of the extension of source in vertical dimension that provides the
piping effect from the source to channel with increased conductivity. For Fig. 4.5(c) V4s=0.6V.As the
voltage is more so tunneling probability is high but for Fig.4.5(a),where V¢s=0.4V, tunneling is not

significantly less compared to Fig. 4.5(c). If we consider SS then also the characteristics of the device at

Vus=0.4V is quite appreciable.
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Fig. 4.5: Band diagram of SS- DG-TFET structure for (a)V4s=0.4V, (b)Vgs=0.5V and

(C)Vus=0.6V.

(c) Electric Field Study

The electric field along the channel length is observed for three different drain to source bias conditions.
We have studied that the electric field for Vgs= 0.4V, Vgs= 0.5V and Vg¢s= 0.6V are almost similar and
close to the conventional TFET electric field. So it can be concluded that there is no degradation of
electric field profile in lower voltages thus the model is suited for low power application. Fig. 6 shows
the electric field along and X and Y direction. As the channel is n-type so the electric field in X direction

has a peak in downward direction in source-channel intersection. And for same reason a much smaller
peak in opposite direction is achieved in channel-drain intersection.
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(d) Surface Potential

In this section we will examine analytical modeling as well as simulation based outcome of the surface

Analytical Modeling

The analytical surface potential model of the proposed structure is presented in this section. The 2D
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Poisson’s equation is solved for the channel region for calculating the surface potential that is to be
verified with the simulation results.

From Fig.1 it is evident that the channel thickness is y (0 <y <tsi) and L denotes the channel length
that varies along the X direction. The channel region is affected by both the front and back gate bias so

the equation is applied to the channel region only. The Poisson equation at the 2D channel region is

O*g(x.y) , O°(xy) _ AN, (1)
Ox? oy’ 2

si
Where O(x,y) is electrostatic potential, q is electronic charge, Nc is the channel concentration and ¢, is

defined as permittivity of silicon. Now potential profile is considered as Young’s parabolic

approximation:
#(X,y) = ¢, (X) + ¢, (X)y +¢,(x)y* )
Where ¢, (X) is surface potential, c; and c2 are functions of x. The boundary conditions at the source

channel and channel drain interface for the electrostatic potential; is defined as described in [27],

d¢(X, y) _ & ¢s (X) _VG51 (3)
dy & t;

y=0

dgxy)| e Ve =% () (@)
dy - & ty

y=tg sl

E
Where Vg, =V —Vgg , Flat band voltage Vi, =@, — 95, &5 = Z+2—;+¢B and ¢, =V, In&.
n

Differentiating (2) with respect to y we get,

de(x,
P -+ 26,0y ©
and applying the boundary condition (3) , the values of c1(x) is found to be
) - 2 £ Ves o
si f

Applying the boundary condition (4) and replacing the value of V, with V, as are same for both gates
and putting the value of y=tsi in (2) the value of c2(x) is found to be
c,(X) = Eox WNgs1 = s (X) =4, (5) @)

ZARER t;

and here in the proposed structure tg=t.

Where the parameters of the equations are as follows:
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x =electron affinity

E, = band gap energy

N, = doping concentration at the channel region

¢s; = silicon work function

¢, = built-in potential

@ = metal work function

To solve ¢,(s), the values of c1(x) and cz(x) is put into (2) and as @(x, ) |, = ¢ (x) therefore from (2)

it is found that
¢B (X) = ¢s (X) (8)

Now considering (8) and replacing the values of c1(x) and c2(x) from (6) and (7) into (2), the modified
expression is found to be

H(X,Y) = s (X)+i(¢s(x) _Vem]er Eox [VGSl_¢s(X)]y2 (9)
s 4 &t £

si'si

Differentiating (9) with respect to x and y and replacing in equation (1) the differential equation of the

surface potential is found to be

O’ (X)

? _¢s (X) k1 = kz (10)

where k, = 260, (12)
tiegts

and k, =—INe _ 2oy (12).
& lgegty

Solving the above mentioned second order differential equation the surface potential is found to be

6, (x) = Aexp(fk.y) + Bexp(—Jk y) -5 (11)

Where the expression of A, B and ¢ is as follows [28],
k, (e\/EL —1) [Vbi (e\/EL —1) +VDSeJEL}

) () =
k,evt (e*’k;lL —1) et [Vbi (exlk;lL —1) —VDS}

o= K, (ez\/KL —1) ’ (ez\/zL —1) (4

5=k (15)
Ky
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TABLE 4.2

VALUES OF DIFFERENT PARAMETERS

Different Symbol Values
parameters
Channel doping Nc 10%%/cm?®
concentraition
Energy band gap Eq 1.1eV
Oxide permittivity Eox 3.9
Silicon permittivity Esi 11.7
Electron 1.39ev
Affinity X
Channel Length L 22 nm
Thermal Voltage V7 26 mV
Drain to source voltage Vbs 0.4 Volt
Metal work function DBwm 4.15 Volt

The surface potential of the salient source TFET and analytical model has been plotted along the channel

length .In Fig 4.7 it is depicted that both the curves are in close proximity with maximum potential of

1V at the channel region. This suggests that surface potential for proposed simulated model and its

analytical output are analogous.
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Fig. 4.7: Surface potential of SS-DG-TFET
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Fig. 4.8: Comparison of surface potential for V4s=0.4V and Vys=0.6V

It is evident from the Fig.4.8 that for greater voltage (V4s=0.6V) the surface potential is intuitively
more compared to Vgs= 0.4V. For both the cases Vs is considered to be 1V. It can be easily determined
that power consumption is more for 0.6V but if we consider the previous analysis, specifically SS, then

it establishes the fact that the device is useful enough for low power applications[29-30].

(e) Comparison with already existing structure

Further we have also studied that our proposed structure is better in terms of ON current to OFF current
ratio than the conventional double gate TFET. Our model has symmetrical extended source that gives a
piping effect through channel .Hence more current is flown through channel of SS-DG-TFET compared
to conventional double gate TFET [31-32]. A comparison graph is presented in Fig. 4.9.
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Fig.4.9: Comparison of gate-voltage drain-current characteristic of SS-DG-TFET and
conventional double gate TFET at Vds=0.4 volt
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5.1. Introduction and Proposed Work

Tunnel field effect transistors are being extensively studied due to their excellent sub threshold behavior
and low power applications [1-5].At the same time scalability is the need of the hour in semiconductor
industry. Quantum confinement needs to be taken care of in scaled devices having dimensions in the
range of 15 to 20 nm. In this work, an attempt has been made to incorporate quantum confinement in
DS-TFET (Double Source TFET) based on non-local tunneling model along with self-consistent
Schrodinger-Poisson quantum model. Quantum confinement is considered in 1-D. As a result effective
band gap and subsequent tunneling barrier width is increased [6]. Hence the results obtained through
guantum approach are more practical than semi-classical ones. In this chapter we will gather basic
knowledge regarding the models . Thereafter a comparative study is done between results of quantum
model and non-local BTBT model. The change in transfer characteristics of the proposed TFET model
is analyzed for different channel length and different source dimensions. Variation of oxide thickness
is studied during the work. Results for different gate work function is also studied for proposed DS-
TFET. The channel lengh is optimized based on transconductance. After that band diagram analysis is
performed incorporating the self-consistent Schrodinger-Poisson quantum model.

At last the potential and electric field profile is obtained for DS-TFET.

All simulation is performed in Silvaco,Atlas.

5.2. Device structure and optimized parameters:

The 2D cross sectional view of the proposed DS-TFET structure has been depicted in Fig. 5.1.this
structure has two sources in extreme left top and right top. Adjacent to sources there exist two narrow
channel regions just beside the gate oxide HfO. layer. They are named left channel and right channel
respectively for the sake of our convenience. Below this layer there exists a n-type silicon layer that
helps channel to transport carrier. A spacer SiO region is present between right source and the drain
region just below it. Effective channel length is varied by changing gate length. Gate length is varied
from 5 nmto 7 nm, 9 nm, 13 nm and 20 nm .A BOX layer and p-type substrate is present at the bottom

of the structure. Source electrodes are connected at top of the two sources and drain contact is made at
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the right end of the drain region. Doping concentrations and dimensions of different regions of the

device are provided in table 5.1 and 5.2.
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Figure 5.1. 2D cross sectional view of DS-TFET with effective channel length (a) 5nm
(b) 7nm
(c) 9nm (d) 13 nm and (e) 20 nm

Table 5.1
Doping concentration of different regions
Region Doping type Doping
Concentration (/cm?)
Left Source p-type 10!
Right Source p-type 102
Drain n-type 5X 108
Channel n-type 10/
Substrate p-type 5 X 10'°

From Table 5.1 we have had a clear idea about the doping concentrations of different regions in the
proposed DS-TFET. Source regions are highly doped whereas drain region is lightly doped with respect
to source. Substrate region consists of p-type silicon.
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Table 5.2.

Dimensions of different regions of DS-TFET

Different Material Dimensions

regions

Left Source Silicon 7nm x 10 nm

Right Source Silicon 7nm x 10 nm

Drain Silicon 7nmXx5nm

Spacer SiO; 7 nm x 5nm

Left channel Silicon 3nmx 10 nm

Right Silicon 3nmx 10 nm

channel

Middle layer Silicon Width is varied
according to varied
channel length.

Height is 10 nm

Gate Aluminium Variation is made in
width as 5 nm,7 nm,9
nm,13 nm and 20 nm.
Height is 8 nm.

Gate Oxide HfO, Uniform thickness of 2
nm is maintained.

BOX SiO» Height is 5 nm. Length
is carried according to
varied effective channel
length.

Substrate Silicon Height is 5 nm. Length
is carried according to
varied effective channel
length.

5.3. Description of the model

(a) Non local BTBT model

An attempt has been made to incorporate quantum mechanical quantization along with non-local BTBT
model to analyze the performance of the device more practically. Electric field is hence non uniform.

Transmission probabilities are given as [7] Wentzel-Kramer—Brillouin approximation :
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T(E, )= expl2 | K(xy)dx] 61

Xstart

E, is longitudinal energy level. Xstat and Xend are the limits of definite integral. The simulator considers

BTBT to take place in 1D and then derives 2-D BTBT by dividing tunneling width into multiple parallel

slices in the direction of tunneling. k (x,y) is wave vector of carrier given by [8] :

— kekh
k(xiy)_ ke2+kh2 (52)
1 T
where ke:m«/Zme X Y{E-E, (x.y)} (5.3)
1 *
and kh:szmh (xYHE, (x)-E} (5.4)

Ec and Ey are nothing but conduction and valance band energy level. m_~ and m, are tunneling

effective masses of electron and hole respectively.The current density in x direction then calculated as
in [6] :

Jerer (y)::—h [[ TE WIf (E, +E,)-fr(E, +E )]xp(E )dE,dE- (5.5)
Where 2D density of states is given by [10][12] :
p(E;)=" (5.6)

(b) Schrodinger-Poisson model
This model is self-consistent because it self-consistently solves the Poisson’s equation for potential and
at the same time Schrodinger’s equation for bound state energy of valence and conduction band both.

From [10] we can find that quantum electron density depends on 1D Schrodinger’s equation’s solution

which has to be solved for eigen state value E;j and wave function w; (X, y) at each slice formed and for
each individual electron valley | .

Ho 1 ow
2 oy m/'(x,y) oy

1+ E.(X Vv, =B, (5.7)

| . . . . . .
Where m, (x,y) is spatially dependent effective mass of I valley in y direction.

This equation can be written down for holes also .The concentration of electrons (or holes) in 1D can

be obtained after this using Fermi-Dirac statistics, wave functions and eigen values.

72|Page




n(x.y) {%me'(x, M, D] v (X ) xln[1+exp(—%)]

After calculating electron concentration we can substitute Poisson’s equation’s charged part by it to

derive the potential.

(c) Limitation of the model

As non-local BTBT and Schrodinger-Poisson model cannot be taken care of at the same time, the

solution is obtained by the method mentioned in [7] and [10].

5.4. Results and Discussions

Several comparisons are done in this study. Those are provided in the following sections.

5.4.1 Comparison of transfer characteristics for different channel length
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Figure 5.2. Transfer characteristics comparison for different effective channel length

From fig. 5.2. we can see that if channel length is brought below 20 nm ,current remains

almost same once we incorporate quantum model .

Only performance based on

ambipolarity is degraded, that too is negligible. From this curve we can come to the

conclusion that this device has excellent scalability.

5.4.2 Comparison of transconductance

Transconductance is one of the most important parameters in device physics. A comparison

chart of transconductance with the variation of effective channel length is provided in table

5.3 and fig. 5.3.
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Table 5.3.

Comparison of transconductance

Channel Transconductance
Length

5nm 3.14 x 10 siemens
7nm 3.38 x 107" siemens
9nm 3.55 x 107" siemens
13 nm 3.79 x 107" siemens

3.8

-transoonductance
3.7
3.6—-
3,5-
3.4
3.3 4
3.2
ol !

Channel length (nm)

Siemens)

-15

transconductance (X 10

Figure 5.3. Comparison of transconductance

From fig. 5.3 and table 5.3. we can come to the conclusion that 13 nm channel length will perform
better in terms of transconductance in the case of DS-TFET. The subthreshold slope is found to be 36
db/decade for 13nm channel length, which is satisfactory. So, we continued our study with DS-TFET
shown in fig.5.1.(d) that has 13 nm gate length, and hence effective channel length is 13 nm.

5.4.3. Variation of oxide thickness

We analyzed the DS-TFET with 1nm,2 nm and 3 nm uniform gate oxide thickness. The outcomes are

depicted in figure 5.4 and 5.5.
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Figure 5.4. Comparison of transconductance for different oxide thickness

From fig. 5.4. and 5.5. we can make out that DS-TFET with 1 nm uniform gate oxide thickness

performs better in terms of transconductance and output characteristics. But there is a possibility of

leakage when oxide is too thin . That is the reason why we opted for 2 nm gate oxide thickness for

further investigation of device performances.
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Figure 5.5. Comparison of transfer characteristics for different gate oxide thickness
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5.4.4. Variation of gate work function

The effect of gate work function variation in DS-TFET is depicted in fig.5.6.
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Figure 5.6. Gate work function variation in DS-TFET

Like conventional TFET, here also decreasing gate work function leads to increased source-channel

tunneling and decreased drain channel tunneling [11]. This phenomenon raises the right hand curve

and lowers the left-hand curve along Y axis.

5.4.5. Difference with Semi-classical model
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Figure 5.7. Comparison of quantum model with standard semi-classical model

From fig. 5.7. it is clearly understood that in quantum model the slope is little bit more than

the standard one. This result is quite natural because we are moving towards practical
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implementation of device. Output characteristics will differ naturally from the ideal case

because now we are considering sub band quantization and this deviation is acceptable.

Table 5.4. Comparison of SS

Model Sub threshold slope
Semi-Classical 23 db/decade
Quantum 36 db/decade

5.4.6. Effect of drain voltage on output characteristics
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Figure 5.8. Effect on output characteristics for Drain voltage variation
This result is quite similar to that of [12]. From this curve it is clear that DS-TFET is suitable for low
power application as for high drain voltage the SS and Current performance degrades. So, lower the
drain to source voltage, better the device performance.
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5.4.7. Source length variation

From fig. 5.9 and 5.10 it is clear that DS-TFET works most efficiently when lengths of both [13-16]

sources are 10 nm each. The output characteristics are investigated by making each source 5 nm,7 nm

and 10 nm by keeping the length of other source constant at 10 nm. Below 10 nm, further scaling starts

to degrade the performance of DS-TFET. So length of both sources are optimized at 10 nm.

(A/um) 1E-3
1E4
1E5
1E-6
1E-7
1E-8
1E-9

1E-10

1E-11
1E-12
1E-13
1E-14
1E-15
1E-16

Drain Current (A)

1E-17

Left source = 10 nm
Left source=7 nm
Left source= 5 nm

-1.0

Gate Voltage

— )
0.0 0.5 1.0 15 2.0

Figure 5.9. Effect on output characteristics for left source length variation
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Figure 5.10. Effect on output characteristics for right source length variation
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5.4.8. Band diagram analysis

As we have considered quantization of both valence and conduction band , the valence and conduction
bands has to be considered as a discrete energy level spectrum that makes the tunneling possible
between first bound states for holes and electrons only. This effective increment in the band gap[17-

20] drastically reduces BTBT probability. This is depicted in fig. 5.11.
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Figure 5.11. Band diagram for Vds = 0.1 volt
5.4.9. Electric Field and Potential
Electric Field and potential curve of DS-TFET is shown in fig. 5.12. and fig. 5.13. respectively. The
deviation of these curves from conventional TFET is primarily due to the [21-22] presence of the right
source. Also as the cutline is taken through a pseudo-surface, the ,curves are not depicting the most

accurate behavior.
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Figure 5.12. Potential curve of DS-TFET
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Figure 5.13.Electric Field of DS-TFET

In Fig.5.13. we can see there is a peak in left source and channel junction and again a peak is observed
in the right source and channel junction too. This dual source structure exhibits interesting results. These
two peaks generate a considerable current through the device. Hence DS-TFET is a highly efficient
nano structure that operates satisfactorily in low power operating conditions. Fig. 5.12. can also be
understood easily after analyzing electric field profile as we all know potential and electric fields are

inter related .
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Chapter 6:

Concluding Remarks and Future Scope

6.1. Conclusion

6.2. Scopes for Future Work

6.1 Conclusion

In this work, several TFET structures are analyzed. The prominent emphasis has been given on various
aspects of source engineering. Some striking features of TFET are noticed during this research work.
Especially the low power friendliness of DS-TFET and salient source double gate TFET is a promising
phenomenon. Scalability performance of DS-TFET is also showing interesting and superlative results.
On the other hand, experimentally splitted source TFET structures are taking care of ambipolar current
reduction. As we all know, ambipolar current is one of the major drawbacks of TFET technology along
with low on current. Moreover all three structures discussed in chapter 3,4 and 5 encounter much lower
sub-threshold slope and much higher current ON/OFF ratio than conventional TFET s. Hence these

TFETSs are the promising candidates to conquer future age of advanced electronics.

Chapter 3: This study recommends the influence of the drain and source engineering incorporated into
drain engineered TFET structure. The doping concentration of upper drain region is higher than the
lower drain region. The source regions are double spilt and single split in two models with different
doping concentration. From table 3.1. a conclusion can be drawn that proposed models show better
lon/loff ratio compared to drain engineered TFET due to higher ON current and prominently lower OFF
current. Among all the structures investigated here in this work, the double split source structure shows
the best performance in terms of ON current and ambipolar conduction.As evident from fig. 3.7., The

device can be used for further advancements in low power, RF and analog applications.
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Chapter 4: The proposed structure of this study, SS-DG-TFET displays good performance in low power
operating conditions as reflected in fig. 4.4. The performance has been characterized in terms of lower
SS, increased ON to OFF current ratio, along with improved tunneling at the source end of the channel.
Fig. 4.7 indicates that proposed model exhibits analogous result with the analytical model in terms of
surface potential. The performance parameters are compared for three different Vgs conditions and a
rigorous examination determines that the device operates well enough in low power. Table 4.1
establishes the claim firmly. Itis evident from the Fig.4.8 that for greater voltage (V¢s=0.6V) the surface
potential is intuitively more compared to V¢s= 0.4V. For both the cases Vs is considered to be 1V. It can
be easily determined that power consumption is more for 0.6V but if we consider the previous analysis,
specifically SS, then it establishes the fact that the device is useful enough for low power applications
Moreover from fig. 4.9. we can understand the proposed device is better than conventional Double Gate
TFET.

Chapter 5: This study aimed to incorporate quantum mechanical effects in the behavior of DS-TFET.
This device is acceptable for low power applications. For high power application, the device structure
should be adjusted accordingly based on the power requirement. Quantum models other than
Schrodinger-Poisson are yet to be included in this study. Fig. 5.2 reveals that DS-TFET has ON/OFF
ratio in the range of 10%° which is better than conventional TFET . From table 5.4. it is found that DS-
TFET’s SS is also much better than conventional one. Apart from channel length gate oxide thickness,
gate work function, drain voltage and source length are also varied to find the optimum operating
conditions of the device proposed in this study. Fig. 5.11, fig. 5.12 and fig 5.13 reveal the electrostatic
behavior of previously optimized DS-TFET in terms of energy band,electric field and potential . In
conclusion, we can say that DS-TFET is one of the most promising candidates to rule the market of low

power electronics in future.

6.2. Scopes for Future Work
There are some issues which could be considered to enhance the accuracy of the present model. Some

scopes for future extension of the present work are as follows:

I. Quantum mechanical effect is not considered in splitted source TFET and salient source double gate

TFET structures. So, it should be included in future model for better functionality.
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Ambipolar conduction increases in DS-TFET when dimensions are scaled down .This phenomenon
needs to be taken care of.
The OFF current should be lowered further in TFET structures to achieve better ON/OFF current

ratio,

IV. Research works should be conducted to bring down the threshold voltage of TFET further. So that it

can work in lower voltages, and hence become more suitable for low power applications.
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