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Abstract

Tunneling Field Effect Transistor (TFET) with its remarkable attributes as
a steep subthreshold slope device presents itself as a potential candidate to
replace MOSFET beyond 14 nm node. Though a number of experimental
and simulation studies on this device have been carried out over the past
few years but rigorous and accurate two dimensional analytical study on
this device is yet to be reported. Extensive analytical modeling is necessary
to understand the physics and capture the inherent working mechanism of
any device. In this work, a 2-D analytical model for Single gate Silicon
On Insulator (SOI) Tunnel FET have been developed. The development
of this model is based on accurate solution of 2-D Poisson’s equation in
the rectangular boundary conditions. The electrostatic potential and the
electric field in the Oxide, Channel, and Buried Oxide region has been ob-
tained from Poisson’s equation. While solving Poisson’s equation the effect
of substrate and drain bias have also been taken into account. To justify
the accuracy of the model, Poisson’s equation with the same boundary
conditions is solved in the COMSOL using Finite Element Method (FEM)
and the obtained results are matched with those of modeled ones. Modeled
results show excellent agreement with the FEM results, thus corroborate
the accuracy of the modeled electrostatic potential and electric field. The
electric field is then employed to obtain 3-D band to band generation rate
in the channel region then the volume integration of this generation rate
in the channel region yields the total tunnel current. The obtained tunnel
current is then matched with technology computer aided (TCAD) simula-
tion results to underpin the validity of this model. Based on the analytical
model, the variation of Drain Induced Barrier Thinning (DIBT) with sev-
eral device parameters viz. Channel Length, Channel Thickness, Oxide
Thickness have also been studied.
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1
Introduction

This chapter delineates the evolution of MOSFET as a part of inte-
grated circuit over the last 50 years. It also draws attention towards
one of the most daunting problem viz. power crisis of today’s nano-
electronics and shows how this unnerving issue can be circumvented
by alternative device architectures. Among these alternative architec-
tures, TFET stands out to be the most propitious candidate for fu-
ture low power applications. Brief overview of TFET, objectives and
methodology of this thesis have also been presented in this chapter.

1.1 Scaling Trend of MOSFET and Power Crisis in Nano-
electronics

In logic circuits, MOSFETs operate as switch and in this regime speed
and power consumptions are major concerns. To achieve higher speed
and lower power consumption, the dimensions of MOSFETs have been
shrunk continuously because the capacitance of logic nodes, C, decreases
as the dimensions of MOSFETs decrease. A smaller capacitance results in a
shorter switching time, t and a smaller switching power, P of a logic circuit.
The relationship between capacitance, switching time and switching power
are:

t = CVD
ID

(1.1)

P = CfV 2
D

2 (1.2)

Where, VD is the supply voltage and f is the clock frequency. In fact the
feature size of MOSFETs or minimum linewidth used for a MOSFET has
kept shrinking at an average rate of 0.7 times about every two to three years
over the past four decades, which has resulted in a line width reduction of
a factor of 1/500 and a MOSFET area reduction of 1/250000 since 1970s.

Because of the downsizing of MOSFETs the number of MOSFETs in
an integrated circuit was doubled every two or three years. This is well
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known as Moore’s Law [1] which was proposed by Gordon Moore in 1966.
The downsizing of MOSFETs contributes to the performance enhancement
in two ways: shorter switching time of MOSFETs and parallel processing
capability. It should also be noted that with downsizing, the cost and power
dissipation per MOSFET also become smaller. Clearly, the downsizing of
MOSFET is critically responsible for the improvement of density, power
and performance of integrated circuits.

Figure 1.1: Transistor scaling over the years has followed the well known
Moore’s law resulting in 2X increase in transistor count every
two years. With each generation of scaled technology the tran-
sistor performance has been improved. But, it’s only in the last
decade or so that some notable changes have been made to the
traditional transistor architecture, like strained Si at 90 nm node
and High-κ/metal gate at 45 nm node. Beyond the 22 nm node
Tri-gate/Multi-gate devices, Ge and III-V MOSFETs/QW-FETs,
TFETs and a host of other novel devices are being explored. [3]

The reduction in the feature size of MOSFET necessitates a correspond-
ing diminution in the supply voltage at which the transistor operates. As
can be verified from (1.1) and (1.2), the scaling of the supply voltage is
required in order to reduce the dynamic power, P and switching time, t
of the transistor. The down sizing of MOSFET attains performance en-
hancement through a combination of reduced capacitances, increased drive
current and scaled supply voltage. The ON current per unit µm width for
advanced CMOS transistor [4] is given by

IDS.SAT = βCOX(VD − VT )α (1.3)

2
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Figure 1.2: To maintain constant power density, both the supply and the
threshold voltages of a CMOS integrated circuit should be reduced
along with the lithographic dimension of CMOS transistors. But
due to MOSFET subthreshold leakage, both Vdd and VT scaling
have slowed down in recent technology generations

Where, β is the proportionality constant and α is the fitting parameter
which takes a value between 1 and 2 depending on the channel length and
VT is the threshold voltage. It is evident from (1.3) that in order to maintain
or enhance ON current ID, threshold voltage VT needs to be scaled at least
as rapidly as VD. In traditional MOS transistor the subthreshold swing, S
(defined as dVG

d(logID)) is dictated by the diffusion of carriers from the source
to the channel of the device. Therefore, the carriers at the Boltzmann tail
of Fermi-Dirac distribution (i.e. hot/high energy carriers) take part in this
OFF state transport phenomena, which inevitably puts a thermodynamic
limit of (kT/q)ln(10) = 60mV/decade on the subthreshold swing of the
device.

In any transistor with subthreshold swing S, ID at zero VG is given by
the following expression.

ID(VG = 0) = ID(VG = VT ) exp(−VT/S) (1.4)

3



1.1. Scaling Trend of MOSFET and Power Crisis in Nanoelectronics Introduction

Figure 1.3: (a) Rising transistor count in Intel microprocessor chips (b) The
total power dissipation in modern CPU is limited to around 100
W [5].

This current is termed as the static or subthreshold leakage current
(ILEAK) of the transistor since it represents the amount of current flowing
in the logic gates in the quiescent state. Diminution of VD and VT with scal-
ing therefore caused ILEAK to increase exponentially [6]. Apart from that,
the number of transistors per chip has doubled every two years [7], [8] and
both these factors have caused an exponential rise in the leakage power of
the chip. In modern multi-core CPU’s the total power dissipation is limited
to around 100 W due to thermal issues. But, more transistors are required
with each generation of scaled technology to meet the ever increasing de-
mand for higher functionality (see Fig.1.3). For 22 nm node and beyond a
host of new devices and materials are being investigated, trying to address
this most critical bottleneck to transistor scaling i.e. the power dissipation.
In order to surmount this limit of 60mV/decade a number of super steep
subthreshold slope devices has recently been proposed to the literature such
as Impact Ionization MOS [6]- [9], NanoelectromechanicalFET [10]- [11],
FeFET [12]- [13] and Tunnel FET [14]- [15].

1.1.1 Impact Ionization MOS

The basic device structure for the n-channel version of the I-MOS [6] is
shown in Fig.1.4(a) in an silicon-on-insulator (SOI) implementation. Bulk
structures work in a similar fashion. In this n-channel device, the p+
is the source and the n+ is the drain because the p-i-n diode is always
reverse biased. The device is a gated p-i-n diode and works by modulation

4
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of its channel length. At low VG, there is no inversion layer under the
gate and the effective channel length is the entire intrinsic region. The
electric field under these conditions is below break- down because only a
fraction of the source/drain voltage (VDS), gets applied across the i-region
outside the gate. Consequently,ILEAK is limited by the reverse-leakage
current of the p-i-n diode. As VG is increased, an inversion layer forms
under the gate and this reduces the effective channel length of the device.
With higher and higher VG , an increasing fraction of VDS falls across
the i-region outside the gate and therefore increases the lateral electric
fields in that region. In addition, the transverse electric field also increases
with increasing gate voltage. The device breaks down when the ionization
integral becomes unity. Note that while the formation of the inversion layer
under the gate may be limited by the normal 60mV/decade limit, the strong
dependency of the impact ionization coefficients on the electric field and the
feedback inherent in the avalanche multiplication process produce a very
steep subthreshold slope in the I-MOS device. A p-i-n structure as opposed
to a p-n structure is used in order to reduce the electric fields required for
avalanche breakdown compared to a p-n junction. Conceptually, the I-
MOS transistor may be regarded as a combination of a diode and a MOS
transistor. These two elements are however not discrete and their operation
is closely linked. The vertical gate induced field and the MOS surface
carrier concentration affect the breakdown voltage of the diode and the
surface concentration of carriers in the ON state of the MOS transistor
depends on the number of carriers injected by the avalanche breakdown
mechanism in the diode

1.1.2 Nano-Electro-Mechanical FET (NEMFET)

A Nano-Electro-Mechanical Field Effect Transistor [10] is essentially a
MOSFET with a movable gate electrode which can be physically separated
from the gate dielectric layer by an air gap (or vacuum gap).As shown in
Fig.1.5(a), the gate, which is a mechanical beam anchored on both sides
of the semiconducting channel, can be modeled as a simple linear spring
(with a characteristic spring constant k) suspended over the semiconductor
channel. The gate and the channel form a parallel-plate capacitor with
an equivalent air-gap. In the off-state (Vgs = 0V ), the gate is separated
from the gate dielectric; the gate coupling to the channel is weak and
the transistor is therefore turned off. When a positive Vgs is applied, the
electrostatic force attracts the mechanical gate towards the gate dielectric.
While the electrostatic force increases quadratically with increasing dis-
placement, the spring restoring force, which counteracts the electrostatic
force, increases only linearly with displacement. Hence, there is a critical
pull-in voltage (Vpi) beyond which the electrostatic force is always larger

5
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Figure 1.4: (a) Basic device structure for the n-channel SOI version of the I-
MOS. This n-channel device has an overlap with the drain of the
device (n+) and an offset toward the source (p+) side of the device
The I-MOS uses modulation of the channel length to switch from
the OFF to the ON state via avalanche breakdown.[6] (b) MEDICI
simulated ID versus VG characteristic for a n-channel Ge I-MOS
device, with LI = LGATE = 25nm. Simulations show that the
subthreshold slope is very small (≈ 5mV/decade).[9]

than spring restoring force, causing the gap to close abruptly. When the
gate is in contact with the gate dielectric, the gate coupling to the channel
is maximized and the transistor is turned on. Taking advantage of this
pull-in phenomenon, a NEMFET with perfectly abrupt switching transi-
tion (S = 0mV/decade) at Vgs = Vpi have been utilized for logic, memory
and resonator applications

1.1.3 Negative Capacitance Field Effect Transistor (NCFET)

Salahuddin and Datta [12], [13] showed that by replacing the standard insu-
lator with a ferroelectric insulator (see Fig. 1.6(a))of the right thickness it
should be possible to implement a step-up voltage transformer that will am-
plify the gate voltage thus leading to values of S lower than 60mV/decade
and enabling low voltage/low power operation. The voltage transformer
action can be understood intuitively as the result of an effective negative
capacitance provided by the ferroelectric capacitor which arises from an
internal positive feedback that in principle could be obtained from other
microscopic mechanisms as well. Unlike other methods to reduce S, this
involves no change in the basic physics of the FET and thus does not affect
its current drive or impose other restrictions. The basic idea of how does

6
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Figure 1.5: (a) Schematic diagrams of a Nano-Electro-Mechanical Field Effect
Transistor (NEMFET). (b,c) Simple lumped-parameter model for a
NEMFET.[11] (d) The abrupt pull-in/ release of the gate electrode
provide for perfectly abrupt ON/OFF transitions.

NCFET obtain sub 60mV/decade subthreshold swing can be understood
from the following analysis. The subthreshold swing of a conventional
MOSFET is defined as follows.

S = dVG
dlog10(ID) = dVG

dΨG

dΨG

dlog10(ID) (1.5)

Standard FET analysis shows that the second term dΨG

dlog10(ID) relating the
change in the current to the change in the surface potential in the channel
cannot be any lower than 60mV/decade at room temperature. Since VG and
ΨG are related by a capacitive voltage divider as shown in Fig. 1.6(b). It
is apparent that the first term dVG

dΨG
(often called the body factor ’m’) given

by

dVG
dΨG

= 1 + Cs
Cins

(1.6)

must exceed one, thus putting a lower limit of 60mV/decade (corre-
sponding to m = 1) on the subthreshold slope S. Even high-κ insulators
with phenomenally large values of Cins can only reduce the body factor ’m’
so as to approach one, but cannot make it any smaller. But, if conventional
insulator is replaced with a ferroelectric insulator, having a P-E (polariza-
tion versus electric field) characteristic of the type shown in Fig. 1.6(c), it is

7
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possible to obtain dVG

dΨG
< 1 and hence a value of S lower than 60mV/decade.

This can be understood from 1.6 by noting that the ferroelectric capaci-
tor is effectively a negative one, since the slope of P versus E (which is
a scaled version of Q versus V) around the origin is negative. Ordinarily
this negative slope segment is unstable and not directly observed in ex-
periments which exhibit hysteretic jumps in the polarization. But if the
ferroelectric capacitor is placed in series with a normal capacitor, the neg-
ative capacitance segment can be effectively stabilized making it possible
for the channel potential ΨG on an internal node to change more than the
voltage VG applied externally, thus providing a voltage amplifier or more
correctly, a step-up voltage transformer.

Figure 1.6: (a) Schematic diagram of a Negative Capacitance Field Effect
Transistor (NCFET). (b) an equivalent circuit for the division of
the gate voltage between the insulator capacitance and the semi-
conductor capacitance (that comprises of the delpletion, channel
to source and channel to drain capacitances).(c) Polarization ver-
sus electric field for a typical ferroelectric material (d)Current vs.
Gate Voltage with (diamond) and without ferroelectric. The sub-
threshold swing improves significantly.
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1.1.4 Tunneling Field Effect Transistor(TFET)

Among all the alternative super steep subthreshold slope transistor designs,
the tunnel field effect transistor (TFET) [14] shows the most promise due
to its relative simplicity and resemblance to the conventional MOSFET.
Electrons and holes obey the laws of quantum mechanics, which means
they have a fuzzy, uncertain size. When an energy barrier has a thick-
ness below about 10 nanometers, there is a small but nonzero probability
that an electron that starts on one side of the barrier will appear on the
other.In the TFET, this probability is boosted by applying a voltage to
the transistor gate. This causes the conduction band in the source and the
valence band in the channel to overlap, opening up a tunneling window.
Note that in a TFET, the electrons tunnel between conduction and valence
bands as they move into the channel. This is in contrast to what happens
in a MOSFET, in which electrons or holes travel primarily in either one
band or the other all the way from source to channel to drain. Because
the tunneling mechanism isn’t controlled by the flow of carriers over a bar-
rier, TFETs should be able to switch with a much smaller voltage swing
than that required in a MOSFET.Therefore, TFET utilizes band-to-band
tunneling (BTBT) current to achieve a more abrupt ON-OFF transition
than what is achievable through thermionic emission. Fig.1.7 shows the
energy band diagram of the TFET in ON and OFF states. In the OFF
state, the wide energy barrier prohibits quantum tunneling between the
source and channel regions. When a large VG is applied, the energy barrier
narrows, and allowed energy states in the channel conduction band align
with allowed energy states in the source valence band, so that electrons can
tunnel from the source to the channel. Since the TFET utilizes a different
source injection mechanism from the MOSFET, it can potentially achieve
lower S values, which has already been experimentally demonstrated [15].
Note, however, that a TFET achieves S < 60mV/decade only at low cur-
rent levels and that S increases as IDS increases. Consequently, at high
VD( 1V ) values, a silicon TFET has a significantly lower on-state current
ION( 1µA/µm at 1V ) than a silicon MOSFET (1mA/µm at 1V ). This
remains a principal challenge for TFET designers.

1.2 Objectives

Device modeling refers in general to a suite of models and methods de-
scribing carrier transport in materials. Models range from the simple drift
diffusion, which solves Poisson and continuity equations, to more complex
and CPU intensive ones as the energy balance, which solve some higher
moment simplification of the Boltzmann equation. In addition, the com-
plex physics of today’s devices mandates at times the usage of Monte Carlo

9
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Figure 1.7: Schematic diagram of a tunneling field effect transistor and its
energy band diagram in the OFF and ON states (n-channel oper-
ation).

codes, which stochastically solve the Boltzmann equation, and the usage of
SchrÃűdinger solvers that account for quantum effects. The choice of the
appropriate model depends on the problem and the level of details required
and it is therefore application dependent. Despite the significant advances
of recent years in both numerics and physics, continuous development is
required to meet the increasingly challenging industry needs for device ex-
ploration and optimization. Device modeling is used for scaling studies
and technology optimization; therefore, the ability to correctly represent
today’s performance and predict tomorrow’s limitations is paramount.

For the fast developing devices and circuits, reliable and predictive an-
alytical models are required. Numerical simulations are not direct for the
design of circuits involving many devices interacting with each other and
with other circuit elements. Physically based analytical models that are
compatible with modern Computer aided design (CAD) tools are more di-
rectly applicable for parametric optimization and extraction process than
the numerical device simulation processes.

10
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A number of studies based on TCAD simulations [16]- [17] have been
performed to anticipate the device performance and to optimize the various
device parameters for better performance. However, analytical treatment
of the device is necessary to capture better physical insight. But a limited
number of 1-D and 2-D modeling [18]-[20] works have been reported to the
literature, till date. The purpose of this work is to propose a more accurate
2-D analytical model for the SOI TFET.
The objectives of this work are:

1. To obtain analytical expressions for 2-D electrostatic potential and
electric field intensity of the device.

2. To verify the developed potential and electric field model by 2-D
COMSOL Multiphysics 4.3b simulation.

3. To evaluate current-voltage characteristics.
4. To verify the proposed model by TCAD simulations.
5. To study the short channel effects based on the analytical model

1.3 Methodology

We will analytically solve 2-D Poisson’s equation in the channel, oxide
and buried oxide region with appropriate boundary conditions, in order
to obtain analytical expression of electrostatic potential and electric field
intensity. Then we will employ L. V. Keldysh and E. O. Kane’s theory [21]-
[22] to evaluate 3-D band to band generation rate and tunneling current. In
order to verify the proposed model we will develop a 2-D device simulator
in COMSOL Multiphysics 4.3b. TCAD simulation of the same device,
incorporating non-local band to band tunneling, will also be performed to
calibrate the material based constants of the proposed model and to further
verify the proposed model. We will study Short Channel Effects (SCEs)
viz. DIBT (Drain Induced Barrier Thinning) and Threshold Voltage roll
off of the device and compare them with those of conventional MOSFET.

11



2
Tunnel Field Effect Transistor

This chapter illustrates the physics of tunneling field effect transistor
and explains how it overcomes the fundamental limit of 60mV/decade,
commonly termed as Boltzmann Tyranny. The impact of different ma-
terial and architectural parameters of the device on tunnel current has
also been discussed in this chapter.It also reviews various architec-
tural and parameter variation of Tunnel FET to boost up the over all
performance of the device.

2.1 Physics of Tunnel FET

Unlike MOSFETs, in which charge carriers are thermally injected over an
energy barrier, the fundamental transport mechanism in a Tunnel FET
is interband tunneling, whereby charge carriers transfer from one energy
band into another at a heavily doped (p+-n+) junction. This tunneling
mechanism was first identified by Clarence Zener [23] in 1934, to explain
dielectric breakdown, a precipitous rise in current as the field strength is
increased.

In a Tunnel FET, band to band tunneling can be switched ON and OFF
suddenly by altering the band bending in the channel region by means of the
applied gate voltage. This controlling mechanism can be materialized in a
reverse-biased p+-i-n+ structure (Fig. 2.1a). In principle, the Tunnel FET
is an ambipolar device, showing p-type behavior with dominant hole con-
duction and n-type behavior with dominant electron conduction. However,
by incorporating an asymmetry in the doping level or profile, or by restrict-
ing the movement of one type of charge carrier using heterostructures, the
tunneling barrier at the drain side can be made thicker to eradicate the
ambipolar behavior [24], [25]. The aforementioned asymmetry also yields
a very low OFF current [26]. In the TunnelFET OFF state (dashed blue
line in Fig.2.1b), the valence band edge of the channel is located below the
conduction band edge of the source, so that band to band tunneling is sup-
pressed, leading to very small Tunnel FET OFF current that is dictated by
the reverse-biased p-i-n diode. Applying a negative gate voltage (solid red
curve in Fig. 2.1b) pulls the energy bands up. A conductive channel opens
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Figure 2.1: (a) Schematic cross-section of p-type TFET. (b) Schematic energy
band profile for the off state (dashed blue lines) and the on state
(red lines) in a p-type TFET. (c) TFET has a slope that is not lin-
ear on a logarithmic scale, which can be explained by the complex
dependency of the tunnel current on the transmission probability
through the barrier, as well as on the number of available states
determined by the source and channel Fermi functions.

as soon as the channel valence band has been lifted above the source con-
duction band edge because carriers can now tunnel into empty states of the
channel. Because only carriers in the energy window ∆Φ can tunnel into
the channel, the energy distribution of carriers from the source is limited;
the high-energy part of the source Fermi distribution is effectively filtered
out [27], as shown in Fig. 2.1b. Thus the electronic system is effectively
’cooled down’, acting as a conventional MOSFET at a lower temperature.
This energy filtering mechanism makes it possible to achieve an S of below
60 mV per decade (Fig. 2.1c). However, the channel valence band can
be lifted by a small change in gate voltage, and the tunneling width can
effectively be reduced by the gate voltage [28]-[14]. As a consequence of
the BTBT mechanism, S in a TunnelFET is not constant, but depends on
the applied gate-source bias, as indicated in Fig. 2.1c, increasing with the
gate-to-source bias. The key to the better voltage scaling of a TFET than
a MOSFET is that S remains below 60 mV per decade over several orders
of magnitude of drain current. One challenge in TFETs is to realize high
on currents because ION critically depends on the transmission probability,
TWKB, of the interband tunneling barrier. This barrier can be approxi-
mated by a triangular potential, as indicated by the Grey shading in Fig.
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2.1b, so T can be calculated using the Wentzel-Kramer-Brillouin (WKB)
approximation [29], [26].

TWKB ≈ exp(−
4λ

√
2m∗E3

g

3q~(Eg + ∆Φ)) (2.1)

where m∗ is the effective mass and Eg is the bandgap. Here, λ is the
screening tunneling length and describes the spatial extent of the transi-
tion region at the source-channel interface (Fig. 2.1b); it depends on the
specific device geometry. In a TFET, at constant drain voltage, VD, the
VG increase reduces λ and increases the energetic difference between the
conduction band in the source and the valence band in the channel (∆Φ),
so that in a first approximation the drain current is a super-exponential
function [37] of VG. As a result, in contrast to the MOSFET, the point sub-
threshold swing of the TFET is no longer a constant but strongly depends
on VG. The smallest subthermal values occur at the lowest gate voltages.
A high on current requires a high transparency of the tunneling barrier,
thus maximizing TWKB, which in the best case should be unity. Equation
3.1 suggests optimized design approaches to boost the on current. Luisier
and Klimeck [38] found that the WKB approximation works properly in
direct bandgap semiconductors, such as InAs (if one single imaginary path
connecting the valence band and the conduction band dominates the tun-
neling process), but has limited accuracy for Si and Ge structures or when
quantum effects and phonon-assisted tunneling become dominant.

2.2 Performance Optimization of TFETs

The objectives of performance optimization of TFETs are:

1. To achieve highest possible ION
2. To achieve the lowest possible Savg over many orders of magnitude of

drain current.
3. To attain the lowest possible IOFF

In order to prove itself as a potential candidate for replacing CMOS
transistors, the target parameters for TFETs are:

1. ION in the range of hundreds of miliamperes.
2. Savg far below 60 mV/decade for five decades of drain current.
3. ION

IOF F
≥ 105

4. Supply voltage VDD < 0.5V.

Since, for TFET Savg decreases with the VG, TFETs are naturally opti-
mized for low voltage operation. In order to realize high tunneling current
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with steep slope the transmission probability of the source tunneling bar-
rier should become close to unity for a small change in VG. The WKB
approximation suggests that the band gap (Eg), the effective carrier mass
(m∗) and the screening tunneling length (λ) should be minimized for high
barrier transparency. Whereas Eg and m∗ depends entirely on material
system, λ is strongly influenced by several parameters, such as device ge-
ometry, dimensions, doping profiles and gate capacitance. A small λ results
in a strong modulation of channel band profile by the gate voltage. This
requires a high-k gate dielectric with as low an equivalent oxide thickness
as possible. Furthermore, the body thickness of the channel should be
minimized , showing in the best case one-dimensional electronic transport
behavior. The abruptness of the doping profile at the tunnel junction is
also important. To minimize tunneling barrier, the high source doping level
must fall off to the intrinsic channel in as short a width as possible. This
requires a change in the doping concentration of about 4-5 orders of mag-
nitude within a distance of only a few nano-meters. Increasing the source
doping reduces λ and may lead to a slightly smaller energy barrier at the
tunnel junction because of bandgap narrowing. However, the energy fil-
tering effect described in the previous section becomes effective only if the
Fermi energy in the source is not too large [30].

TFETs do not follow the same scaling rules as MOSFETs, in which
many parameters must be scaled simultaneously to keep the same electric
field throughout the device [31]. In a TFET, the high electric fields exist
only at the junctions. The current is determined by the screening tunnel-
ing length, so that the length of the intrinsic region has little effect on the
device characteristics, as long as the length is above some critical length,
Lcrit ( 20 nm for silicon TFETs [31]), at which p-i-n leakage becomes pre-
dominant. Experimental results [32] confirmed the lack of dependence of
ION on TFET length.

Device optimization should apply to both n- and p-type TFETs simul-
taneously, to offer a complementary TFET (C-TFET) technology for logic
circuits. In a heterostructure TFET, the materials are chosen such that the
source material has a small bandgap, so that the width of the energy barrier
at the source junction is reduced in the on state, whereas the drain material
has a large bandgap, which creates the largest possible energy barrier width
at the drain side in the off state to keep the off current low. The way in
which the bands line up with each other at the heterojunction is also crucial
[33] , [34]. Knoch [35] suggested that although a broken line-up yields the
best ION , only S ≥ 60mV per decade is obtained; therefore, a combination
of steep S and high ION can been achieved with moderate doping and a
staggered band lineup (S = 33mV per decade and an intrinsic cutoff fre-
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Figure 2.2: Band diagrams of heterostructure C-TFETs. C-TFET device n-
type (a-c) and p-type (d-f) architectures (a, b) and related band
diagrams in the off (b, e) and on (c, f) state for two major im-
plementations: all-silicon n- and p-type devices (dashed lines) and
heterostructures with a Ge source and Si channel for the n-type
switch and an InAs source and silicon channel for the p-type switch
(solid lines). Band diagrams correspond to device architectures
with a channel length of 50 nm and a high- κ dielectric thickness
of 3 nm. The graphs show the conduction band (blue) and the
valence band (red)

quency of 4.74 THz) [36]. Koswatta et al. [37] included electron-phonon
scattering in the transport model and found the best TFET performance
for a broken-gap heterojunction.

Another optimization criterion is maximizing the gate modulation of
the tunneling barrier width by an appropriate alignment of the tunnelling
path with the direction of the electric field modulated by the gate. By
overlapping the gate with the tunneling region, or designing a source region
covered with an epitaxial intrinsic channel layer under the top gate, ION
can be improved by a factor of more than 10 and a low Savg can be obtained
[38]- [39].

The effect of a staggered bandgap at the TFET source-to-channel junc-
tion as a technology booster is shown in Fig. 2.2. The aim is to find a
solution for an optimized C-TFET. The simulated devices have a silicon
channel length of 50 nm, a 20 nm thick film and asymmetric doping to avoid
ambipolarity. The cross-section and bands in the off and the on state of the
n-type TFET are shown in Fig. 2.2 a-c. Changing the source material from
Si to Ge considerably improves λ and ∆Φ at the same applied VG in the on
state. A similar band-engineering optimization performed for the p-type
device with an InAs source is shown in Fig. 2.2 (d-f). The corresponding
reduction of the screening tunnelling length and its dependence on the VG
when the source bandgap is changed is depicted in Fig. 2.3.
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Figure 2.3: Modulation of the minimum screening tunnelling length with the
applied gate voltage in all-silicon (black), Ge-source (red) and
InAs-source (blue) TFETs, showing the beneficial effect of a higher
tunnelling rate due to the shorter tunnelling length in a het-
erostructure TFET with a low bandgap source material compared
with silicon. By contrast, a higher ratio between

2.3 Silicon-TFET

TFETs offer the potential for a low off current and a small S, but they
generally have a lower on current than conventional MOSFETs, so a smart
design strategy could achieve a small Savg and a high ION without degrad-
ing IOFF . The major technology boosters for all-silicon TFETs include
[40], [41] the use of a high-k gate dielectric, a more abrupt doping profile at
the tunnel junction, a thinner body, higher source doping, a double gate, a
gate oxide aligned with the intrinsic region, and a shorter intrinsic region
(and gate) length.

2.4 III-V TFET

A further strategy to improve ION and S is to use low-bandgap and low-
effective-mass materials and band engineering to increase BTBT. For this,
group III-V materials are very attractive as they can provide small tun-
nelling mass and allow different band-edge alignments.Simulation showed
that by reducing only the bandgap of the TFET material from Si to InAs or
InSb, the ION increases by several orders of magnitude and can be reached
at lower electric fields [26]. Recent experimental results for InGaAs TFETs
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indicate that a higher ION at a lower VG than with Si TFETs seems possible
[42], [43]. The first InGaAs TFET by Mookerjea et al. [42] achieved an on
current of 20µA/µm with an S of 250 mV per decade, whereas Zhao et al.
[43] improved ION to 50µA/µm with an S of around 90 mV per decade,
which is the best local swing achieved so far for III-V-based TFETs but is
still above the thermal limit of MOSFETs. The degraded S is attributed
to parasitic tunnelling mechanisms involving traps in the source tunnel
junction [44]. The effective bandgap for tunnelling can be decreased even
further by using heterostructures. Although there is not yet full agreement
on whether a staggered or a broken gap alignment works best, all theoretical
studies predict that the TFET performance can be significantly enhanced
compared with homojunctions [34]- [36], [45]. The first experimental
implementations of III-V heterojunction TFETs have only recently been
demonstrated [46]. To reduce the tunnelling barrier, InAs and GaAsSb
were chosen for the source, with AlGaSb and InGaAs for the channel. An-
other reason for selecting these materials is that they allow lattice-matched
growth, and thus the use of conventional III-V growth and processing tech-
nologies.

For the C-TFET technology, the combination of an InAs source with a
Si drain and channel yields the best on-state performance for the p-TFET
[34]. However, InAs and Si possess a lattice mismatch of about 11%, which
results in highly defective material growth and prevents integration onto
Si in a conventional approach. This challenge can be met by using grown
nanowires. They are attractive materials as they can be grown epitaxially
via metal-organic chemical vapour deposition directly on Si(111) (ref. [47]).

Moreover, the vertical nanowire provides an optimal geometry for min-
imizing the screening tunnelling length, λ, by using a ’gate-all-around’
(GAA) architecture, in which the gate is wrapped around the cylindrical
nanowire channel to provide the best electrostatic control. Simulations have
shown that λ is reduced three- to fourfold when using the GAA nanowire
architecture compared with using a single-gate device with a channel thick-
ness or diameter of 10 nm [48]. The cross-section of a recently fabricated
vertical n-i-p InAs-Si-Si nanowire heterojunction TFET with InAs as a low-
bandgap source [49] is shown in Fig. 2.4 b. The single-nanowire TFET
exhibits switching operation under reverse-bias conditions with an S of
220mV per decade and a drive current of 0.4µA/µm (see Fig. 2.4 d). This
first InAs-source, Si-channel TFET implementation needs further optimiza-
tion. It is anticipated that the drive current can be improved by introducing
n-type doping in the InAs wire, by scaling the equivalent oxide thickness,
and by reducing the contact resistance.
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2.4. III-V TFET Tunnel Field Effect Transistor

Figure 2.4: InAs-Si heterojunction diodes and TFETs for improved perfor-
mance. (a)Left, schematic cross-section of an InAs-Si heterostruc-
ture nanowire diode. Right, scanning electron micrograph of an
InAs nanowire grown epitaxially on Si. (b) Current density-voltage
(JD-VG) characteristics of Si-InAs heterojunction single-nanowire
tunnel diodes. The high tunnel current densities required for
TFETs are achieved for high doping levels. Different colours re-
fer to different doping densities. (c) Left, schematic cross-section
of a vertical InAs-Si heterostructure nanowire TFET. Right, scan-
ning electron micrograph showing a cross-section of the fabricated
TFET. The InAs nanowire has a diameter of 100 nm, and the
undoped Si channel on the p-type substrate is 150 nm long. (d)
Transfer characteristics, ID-VG, for various source-drain biases of
the TFET shown in c.
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2.5 Fe-TFET

Ionescu ei. el. [50] presented the fabrication and electrical characterization
of Ferroelectric-Tunnel FETs (Fe-TFETs). The main focus of their work
was to combine the low subthreshold power of band to band tunneling de-
vices with the retention characteristics of Fe gate stacks, offering some in-
teresting features for future One-Transistor (1T) memory cells. They have
reported ION/IOFF larger than 105 and IOFF on the order of 100fA/µm in
micro-meter p-type Fe-TFETs fabricated on ultra-thin film (fully depleted
silicon on insulator) with SiO2/Al2O3/PV DF as gate stack processed at
low temperature (see Fig. 2.5). No evidence of negative capacitance has
been found in this experimental work but hysteric characteristics of TFET
with Fe gate stack exhibiting a retention time on the order of few minutes
at room temperature, has been reported in this work.

2.6 Negative Capacitance TFET

Whereas the objective of Ref. [50] was to investigate the hysteric behavior
of TFET with Fe-gate stack , Nadim et. el.[51] proposed and theoretically
investigated the application of Ferroelectric oxide operating in the negative
capacitance zone, on TFET as complementary gate dielectric (see Fig. 2.7
(a) ). Using simple theoretical methods they have demonstrated that NCT-
FET effectively combines two different method of lowering subthreshold
swing (SS) for a transistor, garnering a further lowered one compared to
conventional TFET. The I − V model for NCTFET proposed in this work
is based on the work of Verhulst et. el. [18] and Ref. [12]. In principle,
NCTFET can perform better than conventional TFET in terms of lower
subthreshold swing and higher ON current.(see Fig. 2.7 (b))

2.7 Dual Material Gate TFET

Saurabh and Kumar [52] propose the application of a dual material gate
(DMG) in a tunnel field-effect transistor (TFET)(see Fig. 2.8) to simul-
taneously optimize the ON-current, the OFF-current, and the threshold
voltage and also improve the average subthreshold slope, the nature of
the output characteristics, and immunity against the drain-induced barrier
lowering effects.

As has been discussed previously, a conventional DGTFET suffers from
an unacceptably low ION . The DMG technique alone cannot bring the ION
of a DGTFET to that of the MOSFET levels. It has also been shown that,
when the channel is composed of a smaller band-gap material, the ION in
a TFET improves dramatically [53] - [55]. In [53], the strained DGT-
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Figure 2.5: (a) Process flow for the fabrication of the Fe-TFET on a SOI sub-
strate (b) AFM image of the surface of the gate on a 2µmX2µm
area, showing the P(VDF-TrFE) roughness of the order of 30 nm
(c) High resolution TEM micrograph showing the cross section of
the fabricated gate stack

FET (SDGTFET) has been demonstrated to improve the ION and the
subthreshold swing. SDGTFET is structurally the same as a DGTFET,
except that the silicon body is composed of SiGe-free sSOI. The strain in an
SDGTFET is controlled by the Ge mole-fraction (x) that has been used to
fabricate the sSOI. Since the introduction of strain decreases the band gap
of the silicon, an SDGTFET shows a remarkably improved device perfor-
mance. Ref.[52] demonstrate the application of the DMG technique in an
SDGTFET with a high-k gate dielectric to not only achieve an improved
ION and SSAV G but also improve the overall performance of the device.
It is also demonstrated that, using the additional handle of the DMG, the
scalability of the TFET can be extended below 20-nm channel lengths. Fig.
2.9 shows the Transfer-characteristics of DMG-SDGTFET with optimized
device parameters as demonstrated in Ref.[52]
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Figure 2.6: (a) Experimental and simulated Id-Vg of a Fe-TFET (L =
5µm;W = 20µm) showing a hysteresis of about 1 V. Numerical
simulations are in good agreement with the experimental data,
both in terms of ON-CURRENT and subthreshold slope behavior.
(b) Experimental hysteretic Id-Vg behavior for another p-type Fe-
TFET with L = 5µm and W = 20µm. The hysteresis is larger
when Vg is swept to higher values since the polarization in the Fe
layer increases.
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Figure 2.7: (a) Schematic cross-sectional view of the NCTFET (b) IDS-VGS
characteristics of NCTFET and conventional TFET

Figure 2.8: Schematic cross-sectional view of the DMG-DGTFET
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2.8. Carbon based TFET Tunnel Field Effect Transistor

Figure 2.9: Transfer characteristics of the DMG-SDGTFET (Φtunnel = 4.5 eV,
Φaux = 4.7 eV, x = 0.5, Ltunn = 10 nm, Laux = 15 nm, and
VDS=0.5 V) and SMG-SDGTFET (...Φm = 4.5 eV, Φm = 4.7 eV,
x = 0.5, L = 25 nm, and VDS = 0.5 V).

2.8 Carbon based TFET

Carbon nanotubes and graphene nanoribbons are appealing materials for
use in TFETs. The light effective mass of their charge carriers, their small
and direct bandgap, and their excellent electrostatic control of the gate
over the channel owing to the ultrathin body make them among the best
choices in terms of both materials and device geometry. The first ever
TFET demonstrating an S of less than 60 mV per decade was achieved
with a carbon nanotube structure by Appenzeller et al. [56] in 2004.
In their device, the electrostatics in the carbon nanotube were controlled
by two independent gates. A common back gate electrostatically doped
both the source and drain, and another gate allowed control of the chan-
nel bands, creating a p-i-p FET device. Although the on current was
low because the carriers had to tunnel through two barriers, an S of 40
mV per decade was achieved for the first time. Furthermore, simulation
and temperature-dependent measurements provided clear evidence that a
carbon nanotube TFET had indeed been realized [56], [27]. More advanta-
geous would be the implementation of a p-i-n-structured carbon nanotube
TFET. Progress has been hampered by the difficulty of establishing ap-
propriately doped carbon nanotube regions and abrupt junctions. So far
there has been little experimental verification of carbon nanotube TFETs,
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but several theoretical studies have been conducted [57]. The influence of
electron-phonon scattering on the performance of carbon nanotube TFETs
has also been investigated [58], and there is strong evidence that BTBT is
dominated by optical phonon-assisted inelastic transport, which can lead
to a degradation of the S.

Furthermore, simulations have shown that the specific energy depen-
dence of the one-dimensional density of states (which arises because the
nanowire radius is so small) can be exploited to reach the quantum capac-
itance limit, resulting in better control of the channel potential. In this
regime, the quantum capacitance, Cq, which is determined by the change
of the charge in the channel resulting from a change in gate potential, is far
smaller than the oxide capacitance, Cox, due to the BTBT, and thus almost
equals the total capacitance. This leads to a reduced total capacitance and
improves the gate delay [59].

TFETs based on graphene nanoribbons theoretically offer the same ben-
efits as carbon nanotube TFETs and may also provide planar processing
compatibility. But so far, only theoretical studies have been performed,
and these demonstrate the high potential of graphene nanoribbons in sig-
nificantly improving ION to several hundred µA/µm, with an IOFF of only
a few pA/µm and a slope of less than 20 mV per decade [60].

However, for a practical implementation using graphene nanoribbons,
the influence of the line edge roughness on the bandgap and the trans-
port properties, and thus on the TFET performance, must be considered.
Luisier and Klimeck [61] found that with rougher edges, the off current
significantly increases because of a lowering of the graphene nanoribbon
bandgap and an increase in the source-to-drain tunnelling leakage through
the gate potential barrier. This leads to a deterioration of S and ION/IOFF ,
which are no longer sufficient and thus limit the switching performance of
graphene nanoribbon TFETs. The theoretical investigations done so far
show that graphene nanoribbon TFETs have great potential, although for
a practical implementation, significant technical challenges need to be met.
Fiori and Iannaccone [62] suggested using bilayer graphene to fabricate
TFETs, presenting an attractive alternative to graphene nanoribbons. The
benefit of this approach is that the required energy gap is opened by apply-
ing a vertical electric field to the graphene bilayer, rather than by preparing
small ribbons, which would require single-atom precision patterning.
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3
Analytical Model Development

In this chapter, the analytical models of electrostatic potential and elec-
tric field in Oxide, Channel and Buried Oxide region for a SOI TFET
are developed. Here, a step by step detailed mathematical descrip-
tion of the proposed model is presented.First, simplified 2-D Poisson’s
equation on oxide, channel and buried oxide region with appropriate
boundary conditions is solved for electrostatic potential and electric
field intensity. Then the obtained expression for electric field is used to
calculate drain current by extracting band to band tunneling generation
rate.

3.1 2-D Electrostatic Potential

Fig.3.1 exhibits the schematic cross section of a SOI TFET whose channel
is intrinsic. It also illustrates the device dimension parameters and griding

Figure 3.1: Schematic cross sectional view of modeled device



3.1. 2-D Electrostatic Potential Analytical Model Development

system for developing the 2-D model. This model is about anticipating the
characteristics of the device from OFF state to the commencement of ON
state. Throughout this sub threshold regime, the impact of mobile charge
on the channel potential is negligible. For simplicity, no depletion in the
source and drain region has been assumed. Under these aforementioned
simplification the electrostatic potential distribution in the oxide, channel
and buried oxide is dictated by following 2-D Poisson’s equation.

∂2Φ (x, y)
∂x2 +∂2Φ (x, y)

∂y2 = 0 : 0 ≤ x ≤ Lc ; 0 ≤ y ≤ (Tox+Tsi+Tbox) (3.1)

Equation 3.1 is solved under the assumption that gate oxide and box region
is replace by silicon material considering permittivity difference in order to
eradicate two Neumann boundary conditions which will be explained later
in this section. In order to compensate for this assumption, the physical
gate oxide thickness (tox) and BOX thickness (tbox) are converted to Tox
and Tbox respectively.

Tox = εSi
εox

tox (3.2)

Tbox = εSi
εox

tbox (3.3)

Here, εSi and εox are relative permittivity of Si and SiO2 respectively.

3.1.1 Boundary Conditions

The Dirichlet boundary conditions in the channel region are

Φ(0, y) = −Vbi = −Eg/2q = VS (3.4)

Φ(Lc, y) = Vbi + VDS = Eg/2q + VDS = VD (3.5)
Where, Eg is the band gap of Silicon, Lc is the channel length and VDS is
the applied drain bias.
The Dirichlet boundary conditions in the gate oxide region are

Φ(x, 0) = VGS − VFB = VG (3.6)

According to [64] two-dimensional simulation (ISE) results show that in the
insulator gap regions between the source/drain and gates, the potential is
approximately a linear function of x when Tox/Tsi < 0.3 The potential in
the insulator gap region can then be expressed by linear interpolation. The
linearity of potential in the side border of insulator region has also been
checked by FEM simulation.

Φ(0, y) = VG −
VG − VS
Tox

y (3.7)
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3.1. 2-D Electrostatic Potential Analytical Model Development

Φ(Lc, y) = VD − VG
Tox

y + VG (3.8)

Where, VG = VGS − VFB and VFB = φm − φs Here, φm is the metal work
function and φs is the semiconductor work function which can be written
as

φs = χsi + Eg
2q + φf (3.9)

Where, φf = VT ln(NI/ni) is the Fermi potential, χsi is the Electron affinity,
VT is the thermal voltage and ni is the intrinsic carrier concentration.
The Dirichlet boundary conditions in the buried oxide region are

Φ(x, Ly) = Vsub (3.10)

Here, Vsub is the substrate bias.

Φ(0, y) = VS −
(VS − Vsub) {y − (Tox + Tsi)})

Tbox
(3.11)

Φ(Lc, y) = VD −
(VD − Vsub) {y − (Tox + Tsi)})

Tbox
(3.12)

Where, Ly = Tox + Tsi + Tbox. Except these Dirichlet boundary condi-
tions there are two Neumann boundary conditions at the top and bottom
Si/SiO2 interface.

εox
dΦ
dy
|
y=Tox

= εsi
dΦ
dy
|
y=Tox

(3.13)

and

εsi
dΦ
dy
|
y=Tox+Tsi

= εox
dΦ
dy
|
y=Tox+Tsi

(3.14)

Fig.3.2 illustrates all the boundary conditions in the oxide, semiconduc-
tor and buried oxide region. As can be seen from Fig.3.2, if we can omit
the two Neumann boundary conditions at the two Si/SiO2 interface, then
it would be a lot more easier to explicitly solve Poisson’s equation under
the aforementioned boundary conditions. [63] pointed out that the discon-
tinuity of electric field at the two oxide/semiconductor interfaces can be
eliminated by simply scaling the oxide thickness by r = εsi/εox and using
εsi as its dielectric constant. But, this scaling of oxide thickness has already
been done. So, we effectively transformed our problem to solving Laplace
equation with rectangular boundary conditions.

By using separation of variable method it can be shown that Φ(x, y) is
given by the following expression

Φ(x, y) = u(x, y) + v(x, y) (3.15)
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Figure 3.2: Schematic diagram of the reduced region over which the Poisson’s
equation is solved and expanded view of boundary conditions.

Where, u(x, y) takes care of top and bottom boundary conditions and
v(x, y) takes care of left and right boundary conditions shown in Fig. 2.

3.1.2 Effect of Gate and Substrate Voltage

The explicit expression of u(x, y) can be obtained by solving the following
partial differential equation.

∂2u (x, y)
∂x2 + ∂2u (x, y)

∂y2 = 0 (3.16)

With boundary conditions.

u(x, 0) = VG (3.17)

u(x, Ly) = VSUB (3.18)

u(0, y) = 0 (3.19)

u(Lc, y) = 0 (3.20)
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So, we have a homogeneous partial differential equation with some homo-
geneous boundary conditions. If we assume that u(x, y) has a product form
u(x, y) = X(x)Y (y) then eqn. 3.1 becomes

Y (y)X(x)′′ +X(x)Y (y)′′ = 0 (3.21)
This equation can be separated by dividing through by XY to yield.

X(x)′′

X(x) = −Y (y)′′

Y (y) (3.22)

The non homogeneous conditions eqn. 3.17 and 3.18 will not, in general,
become conditions on X or Y , but homogeneous conditions eqn. 3.19 and
3.20 require that

X(0) = 0 X(Lc) = 0 (3.23)
Now, both sides of eqn. 3.22 must be constant but the sign of the

constant is not obvious. If we try positive constant (say, µ2), eqn. 3.22
represents two ordinary differential equation

X ′′ − µ2X = 0 Y ′′ + µ2Y = 0 (3.24)

The solution of these equations are

X(x) = A cosh(µx)+B sinh(µx) Y (y) = C cos(µy)+D sin(µy) (3.25)

In order to make X(x) satisfy the boundary conditions eqn. 3.23 both A
and B must be zero, leading to a solution u(x, y) = 0. Thus, we try the
other possibility for sign, taking both members in eqn. 3.22 to equal −λ2.
Under the new assumption eqn. 3.22 separates into

X ′′ + λ2X = 0 Y ′′ − λ2Y = 0 (3.26)

The first of these equations along with the boundary conditions is recog-
nizable as eigen value problem, whose solutions are.

Xn(x) = sin(λnx) (3.27)

Where,
λn = nπ

Lc
(3.28)

The function Y that accompany the X’s are

Yn(y) = an cosh(λny) + bn sinh(λny) (3.29)

The a’s and b’s are for the moment unknown. We see that Xn(x)Yn(y) is
a solution of the homogeneous potential which satisfies the homogeneous
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conditions eqn. 3.19 and 3.20. A sum of these functions should satisfy the
same conditions and equation. So, u(x, y) may have the form

u(x, y) =
∞∑
n=1

sin(λnx)(an cosh(λny) + bn sinh(λny)) (3.30)

The non-homogeneous boundary conditions eqn. 3.16 and 3.17 are yet to
be satisfied. If u(x, y) is to be of the form eqn. 3.30, the boundary condition
eqn. 3.17 becomes

u(x, 0) =
∞∑
n=1

an sin(λnx) = VG : 0 ≤ x ≤ Lc (3.31)

So, an must be the Fourier sine coefficients of VG

an = 2
Lc

Lc∫
0

VG sin(nπx
Lc

)dx = 2VG
nπ
{1− cos(nπ)} (3.32)

Now, the second boundary condition reads

u(x, y) =
∞∑
n=1

sin(λnx)(an cosh(λnLy)+bn sinh(λnLy)) = VSUB : 0 ≤ x ≤ Lc

(3.33)
The constant (an cosh(λnLy) + bn sinh(λnLy)) must be the nth Fourier sine
co-efficient of VSUB. Since an is known bn can be determined from the
following computation.

an cosh(λnLy)+bn sinh(λnLy) = 2
Lc

Lc∫
0

VSUB sin(nπx
Lc

)dx = 2VG
nπ
{1− cos(nπ)} = cn

(3.34)

bn = cn − an cosh(λnLy)
sinh(λnLy)

(3.35)

If we use this last expression for bn and substitute into eqn. 3.30 we find
the following solution.

u(x, y) =
∞∑
n=1

sin(λnx)an sinh {λn(Ly − y)}+ cn sinh(λny)
sinh(λnLy)

(3.36)

Where,

cn = 2
Lc

Lc∫
0

VSUB sin(nπx
Lc

)dx = 2VSUB
nπ

{1− cos(nπ)} (3.37)

and an is defined by eqn. 3.32
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3.1.3 Effect of Source and Drain Boundaries

Similarly, the explicit mathematical expression for v(x, y) can be obtained
by solving the following partial differential equation.

∂2v (x, y)
∂x2 + ∂2v (x, y)

∂y2 = 0 (3.38)

With the following boundary conditions.

v(x, 0) = 0 (3.39)

v(x, Ly) = 0 (3.40)

v(0, y) =


(VS−VG)y

Tox
+ VG : 0 ≤ y ≤ Tox

VS : Tox ≤ y ≤ Ty
VS − (VS−VSUB)(y−(Tox+Tsi))

Tbox
: (Tox + Tsi) ≤ y ≤ Ly

(3.41)

v(Lc, y) =


(VD−VG)y

Tox
+ VG : 0 ≤ y ≤ Tox

VD : Tox ≤ y ≤ Ty
VD − (VD−VSUB)(y−(Tox+Tsi))

Tbox
: (Tox + Tsi) ≤ y ≤ Ly

(3.42)

Solving equation 3.38 according to the aforementioned procedure yields
the following expression

v(x, y) =
∞∑
n=1

sin(µny)An sinh(µnx) +Bn sinh {µn(Lc − x)}
sinh(µnLc)

(3.43)

Where,
µn = nπ

Ly
(3.44)

An = 2
Ly

Ly∫
0

v(Lc, y) sin(µny)dy (3.45)

Bn = 2
Ly

Ly∫
0

v(0, y) sin(µny)dy (3.46)

Carrying out the integration we can get the following expressions for
An and Bn

An = An1 + An2 + An3 + An4 + An5 (3.47)
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With

An1 = 2(VD − VG)Ly
n2π2Tox

{sin(µnTox)− µnTox cos(µnTox)} (3.48)

An2 = 2VG
nπ
{1− cos(µnTox)} (3.49)

An3 = 2VD
nπ
{1 + cos(µnTox)} (3.50)

An4 = 2(VD − VSUB)Ly
n2π2Tbox

{sin(µn(Tox + Tsi))− µn(Tox + Tsi) cos(µn(Tox + Tsi))− nπ}
(3.51)

An5 = 2(VD − VSUB)(Tox + Tsi)
nπTbox

{1 + cos(µn(Tox + Tsi))} (3.52)

And
Bn = Bn1 +Bn2 +Bn3 +Bn4 +Bn5 (3.53)

With

Bn1 = 2(VS − VG)Ly
n2π2Tox

{sin(µnTox)− µnTox cos(µnTox)} (3.54)

Bn2 = 2VG
nπ
{1− cos(µnTox)} (3.55)

Bn3 = 2VS
nπ
{1 + cos(µnTox)} (3.56)

Bn4 = 2(VS − VSUB)Ly
n2π2Tbox

{sin(µn(Tox + Tsi))− µn(Tox + Tsi) cos(µn(Tox + Tsi))− nπ}
(3.57)

Bn5 = 2(VS − VSUB)(Tox + Tsi)
nπTbox

{1 + cos(µn(Tox + Tsi))} (3.58)
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3.2 2-D Electric Field Intensity

The electric field intensity along the channel (Ex(x, y)) and perpendicular
to the channel (Ey(x, y)) can be obtained by analytical derivation of the
channel electrostatic potential Φ(x, y)

Ex(x, y) = −∂Φ(x, y)
∂x

= −
{
∂u(x, y)
∂x

+ ∂v(x, y)
∂x

}
= −{ux(x, y) + vx(x, y)}

(3.59)
Where,

ux(x, y) =
∞∑
n=1

λn cos(λnx)an sinh {λn(Ly − y)}+ cn sinh(λny)
sinh(λnLy)

(3.60)

and

vx(x, y) =
∞∑
n=1

µn sin(µny)An cosh(µnx)−Bn cosh {µn(Lc − x)}
sinh(µnLc)

(3.61)

Similarly,

Ey(x, y) = −∂Φ(x, y)
∂y

= −
{
∂u(x, y)
∂y

+ ∂v(x, y)
∂y

}
= −{uy(x, y) + vy(x, y)}

(3.62)
Where,

uy(x, y) =
∞∑
n=1

λn sin(λnx)cn cosh(λny)− an cosh {λn(Ly − y)}
sinh(λnLy)

(3.63)

and

vy(x, y) =
∞∑
n=1

µn cos(µny)An sinh(µnx) +Bn sinh {µn(Lc − x)}
sinh(µnLc)

(3.64)

Up to this point we have developed explicit expressions for horizontal
and vertical component of the electric field as a function of (x, y) for 2-
D plane under consideration. So, the total electric field can be found by
applying Pythagorean theorem, which is as follows,

E(x, y) =
√
Ex(x, y)2 + Ey(x, y)2 (3.65)

3.3 Drain Current

The tunnel current IDS can be found by numerical integration of band to
band carrier generation rate Gbtb over the channel region.

IDS = qWch

∫ x=Lc

x=0

∫ y=Tox+Tsi

y=Tox

Gbtbdxdy (3.66)
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Where, Wch refers to the channel width. In order to evaluate band to band
generation rate we used Kane’s Model [21] which is as follows:

Gbtb = A
E(x, y)D√

Eg
exp(−B

E3/2
g

E(x, y)) (3.67)

In this expression, E(x, y) is the electric field and Eg is the band-gap
of the channel material. A, B and D are the material based parameters.
Although the mobile charge was neglected in the model derivation, the
current can be predicted with this approach because eqn. 3.67 depends
upon the electric field distribution in the channel. From the OFF state to
the ON state the electric field intensity distribution is mainly controlled by
the fixed charge and is therefore accurately predicted by our model.
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4
Development of Simulation Model

Benchmarking of an analytical model is inevitable to make the pro-
posed model acceptable to the scientific community. In this chapter
two simulation models have been developed, one in COMSOL Multi-
physics 4.3b and the other in SILVACO ATLAS, to check the validity of
the proposed model. A detailed description of various commands and
their contextual meaning are also presented in this chapter.

4.1 SILVACO ATLAS

Silicon Valley Company (Silvaco) is a leading vendor in technology com-
puter aided design (TCAD). Established in 1984 and located in Santa
Clara, California, Silvaco has developed a number of exceptional CAD sim-
ulation tools to aid in semiconductor process and device simulation. Silvaco
has an extensive support team to assist with the broad area of semicon-
ductor technologies. The ability to accurately simulate a semiconductor
device is critical to industry and research environments. The ATLAS de-
vice simulator is specifically designed for 2D and 3D modeling to include
electrical, optical and thermal properties within a semiconductor device.
ATLAS provides an integrated physics-based platform to analyze DC, AC
and time-domain responses for all semiconductor-based technologies. The
powerful input syntax allows the user to design any semiconductor device
using both standard and user-defined material of any size and dimension.
ATLAS also offers a number of useful device examples to assist one’s unique
design. DeckBuild is the run time environment used to input a command
file or deck and is given the extension ".in". To run ATLAS in the Deck-
Build environment, the user must first call the ATLAS simulator with the
command:

go atlas

There is other simulation software available that can be used in con-
junction with DeckBuild, such as ATHENA and DevEdit, but in this work
we have used only ATLAS.



4.1. SILVACO ATLAS Development of Simulation Model

Figure 4.1: Atlas Inputs and Outputs Ref.[65]

4.1.1 ATLAS Commands

Once ATLAS is called there is a syntax structure that must be followed
in order for ATLAS to execute the command file successfully. Table. 4.1
shows a list of primary group and statement structure specifications. Al-
though there are a few input exceptions, the input file statements follow
the general format of:

<STATEMENT><PARAMETER>=<VALUE>

The order in which statements occur in an ATLAS input file is impor-
tant. There are five groups of statements that must occur in the correct
order. Otherwise, an error message will appear, which may cause incorrect
operation or termination of the program. For example, if the material pa-
rameters or models are set in the wrong order, then they may not be used
in the calculations. The order of statements within the mesh definition,
structural definition, and solution groups is also important. Otherwise, it
may also cause incorrect operation or termination of the program.

4.1.2 Model Development in ATLAS

Meshing

The mesh statement is used to define the structure in an inverted 2D or
3D Cartesian grid. The x-axis is positive from left to right, the y-axis is
negative from bottom to top. The reason for the inverted y-axis is that
the manufacturing coordinates are usually described as depth below the
surface. All coordinates are entered in microns and the spacing is used to
refine the sharpness and accuracy at an assigned location. ATLAS produces
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Table 4.1: ATLAS Command groups with primary statements in each group
Ref.[65]

Group Statements
Structure Specification MESH, REGION, ELECTRODE, DOPING
Material Models Specification MATERIAL, MODEL, CONTACT, INTERFACE
Numerical Method Selection METHOD
Solution Specification LOG, SOLVE, LOAD, SAVE
Results Analysis EXTRACT, TONYPLOT

a series of triangles to form the mesh based on the user input parameters.
Fig.4.2 shows the mesh of a Tunnel FET along with the parameters entered
in ATLAS.

Figure 4.2: Meshing of SOI Tunnel FET

The accuracy of any calculated value in ATLAS is dependent on the re-
finement of the mesh at the junction of interest. The x.mesh and y.mesh
is much finer in the region under the gate to have a better calculation at
the areas where tunneling occurs.

Regions

The region statement is used to separate the initial mesh statement into
distinct blocks and sets the initial material parameters that can be referred
to later by region number. All meshed areas of a structure must be assigned
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a region and the regions must be ordered from lowest to highest region. For
instance, region 3 cannot be defined before region 2.

Figure 4.3: Different regions of SOI Tunnel FET

Electrode

Once the regions are set, the electrodes must be assigned to the desired re-
gion so that it can be electrically analyzed. The electrodes can be assigned
to any region or portion of a region. ATLAS has some fixed names for
electrodes e.g. Anode, Cathode, Gate, Source, and Drain. The following
statements were used to define these parameters:

ELECTRODE <position_parameters> NAME=<electrode name>

The position parameters are specified in microns using the X.MIN,
X.MAX, Y.MIN, and Y.MAX parameters. Multiple electrode statements
may have the same electrode name. Nodes that are associated with the
same electrode name are treated as being electrically connected.

Doping

The last required input of the structure specification is the doping state-
ment. The doping statement is used to assign the doping level within
the previously assigned regions. Various properties can be appended to
the doping statement to specify how the semiconductor was doped and of
whether the region is n or p type. The following statements were used to
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define doping parameters:

DOPING <distribution_type> <dopant_type> <position_parameters>
Analytical doping profiles can have uniform or Gaussian forms. The

position parameters X.MIN, X.MAX, Y.MIN, and Y.MAX can be used
instead of a region number. With the doping statement complete, the
structure specifications are complete and it is possible to continue with
the simulation following the guidelines in Table. 4.1. Unlike the structure
specifications, the remaining four groups to be specified do not require all
statements to run without error.

Figure 4.4: Cross section of SOI Tunnel FET showing doping in different re-
gions and electrodes

Material

The material statement relates physical parameters with the materials as-
signed to the mesh. The important material parameters for most standard
semiconductors are already defined by ATLAS and therefore do not require
any changes. We utilized the extensive model libraries in ATLAS since the
developed tunnel junctions were based in Si which is very well researched
and documented.

Models

The models statement is essential to the accurate modeling of a particu-
lar phenomenon because it sets flags for ATLAS to indicate the inclusion
of different mathematical models, physical mechanisms and other global
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Table 4.2: Description of different models used in this research

Model Syntax Comments
Band Gap Narrowing BGN Important in heavily doped

regions. Critical for bipolar
gain. Use Klaassen Model

Lombardi(CVT) Model CVT Complete Model including
N, T, E|| and E⊥ effects.
Good for non-planar de-
vices.

Shockley-Read-Hall SRH Uses fixed minority carrier
lifetime. Should be used in
most simulations

Band to Band Tunneling (Kane) BBT.KANE Allows modeling of forward
and reverse tunneling cur-
rent

parameters such as substrate temperature. The model statement and pa-
rameters used in this research are listed below:

Statement used in our code:

MODELS BGN cvt fermi SRH PRINT bbt.kane

As with all ATLAS statements, a complete list of modeling parameters
and their definitions can be found in the ATLAS User’s Manual [65].

Contact

CONTACT statement used for shorting the two gates. These can be also
done by naming the two electrodes same. Two gates are shorted by this
statement for double gate structure.

CONTACT NAME=<contact_name> COMMON=<contact_name>

Numerical Method Selection

The NEWTON method is useful when the system of equations is strongly
coupled and has quadratic convergence. The NEWTON method may how-
ever spend extra time solving for quantities which are essentially constant
or weakly coupled. NEWTON also requires a more accurate initial guess
to the problem to obtain convergence.
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4.1. SILVACO ATLAS Development of Simulation Model

METHOD NEWTON CLIMIT=1.0 DVMAX=0.005

Here the DVMAX statement sets the maximum allowed potential update
per Newton Iteration, and the CLIMIT specifies a concentration normal-
ization factor.

Output

Several quantities are saved by default within a structure file. For exam-
ple,doping, electron concentration, and potential. We specified additional
quantities (such as conduction band potential, valence band potential, hole
quasi Fermi level, electron quasi Fermi level) by using the OUTPUT state-
ment.

OUTPUT CON.BAND VAL.BAND qfn qfp

Solution Specification

The log/solve/save statements are used to create data files in ATLAS
simulations. These statements work together to be provide data to be
analyzed by other functions. In this research we used these statements to
analyze drain current with respect to gate voltage or drain voltage.

Log

The LOG statement allows all terminal characteristics generated by a solve
statement to be saved to a file.

Solve

The SOLVE statement specifies which bias points are to be applied to pro-
duce an output. The bias points can be set in a number of different way
including step, initial and lambda depending on what stimulus is desired.

Save

The SAVE statement is used to save all node point data into an output
file. A common use of the LOG/SOLVE/SAVE statements for the tunnel
junction studied is shown below:

solve name=gate vgate=-0.2 vfinal=1 vstep=0.2
save outfile = our_struct.str
tonyplot our_struct.str

42



4.1. SILVACO ATLAS Development of Simulation Model

tonyplot IvsVgs_SG_20nm_conventional_Vds_01.log

Here the output file IvsVgs_SG_20nm_conventional_Vds_01.log
has been set aside to store data from the solve statements and then saved
so that the data can be called at a later time. The solve statements simply
sweep the voltage from -0.2V to 1V in varying voltage steps depending on
the degree of accuracy at the desired range. With the date stored in an
outfile, it is ready to be displayed so that it can be analyzed.

Results

The TONYPLOT statement is used to start the graphical post-processor
tool.

Figure 4.5: IDS vs VGS characteristics for VDS = 0.1V

Calling tonyplot to visualize IvsVgs_SG_20nm_conventional_Vds_01.log
displays the output file in Fig 4.5 .

Simulation parameters and results

Here we used the 2D simulator as we don’t need to simulate our structure
in 3D. It will save our time also as 2D simulation is much faster than the
other one. Followings are the simulation parameters used in this work.
Material used : Si
Source Doping (p+) : 1019cm−3

Drain Doping (n+) : 1019cm−3

Intrinsic Channel Doping : 1016cm−3 (to resolve convergence issue)
Channel Length : 20 nm
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Channel Thickness : 40 nm
Oxide Used : SiO2
Oxide Thickness : 2 nm
BOX Thickness : 2 nm
Models Used : Band gap narrowing, nonlocal band to band tunneling,
Lombardi(CVT) Model, Shockley-Read-Hall(SRH).

Figure 4.6: (a) Conduction and valance band energy perpendicular to the chan-
nel (b) Conduction and valance band energy along the channel (c)
Electric field, its horizontal and vertical component along the chan-
nel (d) Potential variation from the source to drain terminal

After the simulation have been done a number of different other param-
eters can be observer. By drawing a cutline along an arbitrary direction
specified by two points in the xy plane, we can examine the variation of sev-
eral important parameters such as electric field, potential, conduction band
energy, valance band energy etc., along the direction of cutline. Fig. 4.6
shows energy band profile, electric field and potential along various direc-
tion through the channel.

4.2 COMSOL Multiphysics

COMSOL Multiphysics [66] is a finite element analysis, solver and Simula-
tion software package for various physics and engineering applications, es-
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pecially coupled phenomena, or multiphysics. COMSOL Multiphysics also
offers an extensive interface to MATLAB and its toolboxes for a large va-
riety of programming, preprocessing and postprocessing possibilities. The
packages are cross-platform (Windows, Mac, Linux). In addition to con-
ventional physics-based user interfaces, COMSOL Multiphysics also allows
for entering coupled systems of partial differential equations (PDEs). The
PDEs can be entered directly or using the so-called weak form (see finite
element method for a description of weak formulation). An early version
(before 2005) of COMSOL Multiphysics was called FEMLAB.

In 1986, COMSOL was started by graduate students, Svante Littmarck
and Farhad Saeidi, to Germund Dahlquist based on code developed for a
graduate course at the Royal Institute of Technology (KTH)in Stockholm,
Sweden.

4.2.1 Model Development in COMSOL Multiphysics 4.3b

To develop a Tunnel FET simulator in COMSOL we have solved 2-D Pois-
son’s equation on oxide, channel and box region. After solving Poisson’s
equation in COMSOL we have extracted potential and electric field and
write a MATLAB code to tunnel evaluate current.

The Model Wizard

When COMSOL Multiphysics is first opened, or when one starts creating
a new model, the GUI displays the Model Builder, Graphics, and Model
Wizard windows. The Model Wizard window contains a series of pages
to help one in starting to build a model-Select Space Dimension, Select
Physics and Select Study Type.

The Select Space Dimension Page

The final geometry dimension is specified on the Select Space Dimension
page-3D, 2D axisymmetric, 2D, 1D axisymmetric, 1D, or 0D. 0D is used for
physics interfaces modeling spatially homogeneous systems. In this study
since we are solving 2-D Poisson’s equation so we will select 2-D option.

The Add Physics Page

On the Add Physics page, one or more physics interfaces can be selected
to include in the model. The Add Selected or Remove Selected but-
tons are used to easily add or remove physics interfaces respectively for
multiphysics models. In this study we used Poisson’s Equation
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4.2. COMSOL Multiphysics Development of Simulation Model

The Select Study Type Page

From the branches under Studies , one can select the type of study one
wants to perform. The available options on the Select Study Type page de-
pend on the set of physics interfaces (and mathematics interfaces) included
in the model. We have selected Stationary for our study.

So the basic steps to build a model file in COMSOL are as follows:

• In the Model Wizard, Select a Space Dimension for the model:
2D
• Click the Next button. The Add Physics page opens.
• In theAdd Physics page go toMathematics>Classical PDEs>Poisson’s
Equation. Then, Double-click the physics interface, click the Add
Selected
• Click the Next button
• On the Select Study Type page, select: Preset Studies > Sta-
tionary
• click the Finish button

Figure 4.7: (a) Select Space Dimension Page (b) Add Physics Page (c) Select
Study Type Page

After the development of model file in COMSOL, we can now move
forward to the model builder window.
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The Model Builder Window

The modeling procedure is controlled through the Model Builder win-
dow, which includes a model tree with all the functionality and operations
for building and solving models and displaying the results.

Branches in the Model Tree

The main branches include:

• The Global Definitions branch : This branch defines parameters and
functions that can be used everywhere. In our study we have defined
device dimensions Channel length, channel thickness, oxide thickness
and applied bias in this branch; Fig. [] shows the defined values of
these parameters.
• The Model branches: for defining models. A Model branch includes

the associated subbranches of Definitions , for locally defining parts
of the model, Geometry, Materials, Physics, and Meshes. A Model
branch includes functionality for local Definitions because several
models can separately be defined in one multiphysics file, for exam-
ple, when treating certain parts of the model in 2D and other parts
in 3D, or when setting up a system model with several components.
This branch will be discussed in detail, later.
• The Study branch: For setting up study steps and solver configura-

tions.
• The Results branch: for presenting and analyzing results.

Sub Branches in the Model Branch

• Definitions: In this sub-branch three variables, are defined which
are basically electric permittivity for different regions such as oxide,
channel, buried oxide.
• Geometry: In this sub-branch three rectangles of same length but dif-

ferent width have been drawn in order to define three regions: oxide,
channel, buried oxide which together constitute Poisson’s equation
solving zone.
• Poisson’s Equation: In this sub-branch Dirichlet Boundary Condi-
tions, Zero Flux Boundary Condition and source (f) of Poisson’s equa-
tion (∇.(−c∇u) = f) is defined.
• Mesh: For our study we have defined the following Mesh Settings:

Sequence type: Physics Controlled Mesh, Element size : Extremely
fine.
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Computation

After all the aforementioned steps have been done, we need to press Build
All and then Compute to finally evaluate the electrostatic potential of the
device on the defined plane subject to the applied bias. The obtained
potential is then extracted to compute electric field and tunneling current.

Figure 4.8: (a) Global Definitions:Parameters(Device dimensions and applied
bias) (b) Device Geometry (c) Solution:Surface Plot of obtained
potential variation (d) Model Wizard Window
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5
Results and Discussion

This chapter presents the results obtained from analytical model as
well as the simulation models developed in ATLAS and COMSOL Mul-
tiphysics. In all cases analytical modeling results show excellent agree-
ment with the COMSOL simulation results. Since ATLAS includes a
number of effects such as the width of depletion region, SHR which
has been overlooked while developing the analytical model; matching
with ATLAS results need slight calibration of material based param-
eters such as A, B and D in the Kane’s model. Variation of Drain
Induced Barrier Thinning (DIBT) with several device parameters such
as channel length, channel thickness have also been presented in this
chapter.

5.1 COMSOL Simulation Results

A device simulator in COMSOL has been developed in order to anticipate
the ID − VG characteristics of Single Gate SOI Tunnel FET. The parame-
ters that have been used for simulator development are mentioned in Table
5.1. Fig. 5.1, 5.2, 5.5, 5.6, 5.9 and 5.10 show the two dimensional color
and surface plot of channel electrostatic potential for different gate voltage
(namely, VGS = 0V, 0.5V, 1V ). From these figures it is evident that the
higher the gate voltage the higher the curvature of its channel potential
profile; Fig. also corroborates this fact. Potential at the front gate ox-
ide/semiconductor interface for different gate voltages are shown in Fig.
5.13. It is worth noticing that at higher gate voltage the potential profile
takes the form of a parabola which can be attributed to the fact of very
short channel length (here 20 nm).

Fig. 5.3,5.4,5.7,5.8,5.11,5.12 portray the two dimensional color and sur-
face plot of channel electric field intensity for different gate voltages. No
significant change of electric field is observed in the middle of the channel
whereas notable enhancement of electric field is observed at the oxide chan-
nel and source intersection point(see Fig. 5.14) which is consistent with the
previous studies. Fig. 5.15 exhibits the horizontal and vertical component
of electric field for a particular gate voltage.
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Table 5.1: Values of various device parameters used in this simulation

Parameter description Symbol Value
Channel Length Lc 20 nm
Channel Width Wch 1 µ m
Channel Thickness TC 40 nm
Oxide Thickness Tox 2 nm
Buried Oxide Thickness Tbox 2 nm

Figure 5.1: Color plot of two dimensional electrostatic potential distribution in
the oxide, channel and buried oxide region (in volts) at VGS = 0V
and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.2: Surface plot of two dimensional electrostatic potential distribution
in the oxide, channel and buried oxide region (in volts) at VGS =
0V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.3: Color plot of two dimensional electric field intensity distribution in
the oxide, channel and buried oxide region (in MV/cm) at VGS =
0V and VDS = 0.1V obtained from COMSOL simulation

Figure 5.4: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at VGS =
0V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.5: Color plot of two dimensional electrostatic potential distribution in
the oxide, channel and buried oxide region (in volts) at VGS = 0.5V
and VDS = 0.1V obtained from COMSOL simulation

Figure 5.6: Surface plot of two dimensional electrostatic potential distribution
in the oxide, channel and buried oxide region (in volts) at VGS =
0.5V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.7: Color plot of two dimensional electric field intensity distribution in
the oxide, channel and buried oxide region (in MV/cm) at VGS =
0.5V and VDS = 0.1V obtained from COMSOL simulation

Figure 5.8: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at VGS =
0.5V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.9: Color plot of two dimensional electrostatic potential distribution in
the oxide, channel and buried oxide region (in volts) at VGS = 1V
and VDS = 0.1V obtained from COMSOL simulation

Figure 5.10: Surface plot of two dimensional electrostatic potential distribu-
tion in the oxide, channel and buried oxide region (in volts) at
VGS = 1V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.11: Color plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 1V and VDS = 0.1V obtained from COMSOL simulation

Figure 5.12: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 1V and VDS = 0.1V obtained from COMSOL simulation
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Figure 5.13: Surface potential profiles with variation of VGS at VDS = 0.1V
obtained via COMSOL simulation
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Figure 5.14: Electric field intensity at front oxide/channel interface with vari-
ation of VGS at VDS = 0.1V obtained via COMSOL simulation
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Figure 5.15: Electric field intensity and it’s horizontal and vertical components
at front oxide/channel interface with VGS = 0.5V and VDS =
0.1V obtained via COMSOL simulation
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5.2 Analytical Model Results

In this section, the same results as that of the previous section has been
presented. But in this case the results have been obtained from the ana-
lytical model developed. Fig. 5.16, 5.17, 5.20, 5.21, 5.24 and 5.25 show the
two dimensional color and surface plot of channel electrostatic potential for
different gate voltage (namely, VGS = 0V, 0.5V, 1V ) obtained from eqation
(3.15), (3.33) and (3.43). Similar to COMSOL simulations, these figures
show that higher gate voltage yields greater curvature (see Fig. 5.28) in
the channel potential profile. Fig. 5.18,5.19,5.22,5.23,5.26 and 5.27 por-
tray the two dimensional color and surface plot of channel electric field
intensity for different gate voltages obtained from eqn. (3.61), (3.62) and
(3.65). No significant change of electric field is observed in the middle of
the channel whereas notable enhancement of electric field is observed at
the oxide channel and source intersection point(see Fig. 5.29) which is
consistent with COMSOL simulations presented in the previous section.
Fig. 5.30 exhibits the horizontal and vertical component of electric field
for a particular gate voltage.

Figure 5.16: Color plot of two dimensional electrostatic potential distribution
in the oxide, channel and buried oxide region (in volts) at VGS =
0V and VDS = 0.1V obtained via analytical model
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Figure 5.17: Surface plot of two dimensional electrostatic potential distribu-
tion in the oxide, channel and buried oxide region (in volts) at
VGS = 0V and VDS = 0.1V obtained via analytical model

Figure 5.18: Color plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 0V and VDS = 0.1V obtained via analytical model
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Figure 5.19: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 0V and VDS = 0.1V obtained via analytical model

Figure 5.20: Color plot of two dimensional electrostatic potential distribution
in the oxide, channel and buried oxide region (in volts) at VGS =
0.5V and VDS = 0.1V obtained via analytical model
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Figure 5.21: Surface plot of two dimensional electrostatic potential distribu-
tion in the oxide, channel and buried oxide region (in volts) at
VGS = 0.5V and VDS = 0.1V obtained via analytical model

Figure 5.22: Color plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 0.5V and VDS = 0.1V obtained via analytical model
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Figure 5.23: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 0.5V and VDS = 0.1V obtained via analytical model

Figure 5.24: Color plot of two dimensional electrostatic potential distribution
in the oxide, channel and buried oxide region (in volts) at VGS =
1V and VDS = 0.1V obtained via analytical model
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Figure 5.25: Surface plot of two dimensional electrostatic potential distribu-
tion in the oxide, channel and buried oxide region (in volts) at
VGS = 1V and VDS = 0.1V obtained via analytical model

Figure 5.26: Color plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 1V and VDS = 0.1V obtained via analytical model
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Figure 5.27: Surface plot of two dimensional electric field intensity distribution
in the oxide, channel and buried oxide region (in MV/cm) at
VGS = 1V and VDS = 0.1V obtained via analytical model
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Figure 5.28: Surface potential profiles with variation of VGS at VDS = 0.1V
obtained via analytical model
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Figure 5.29: Electric field intensity at front oxide/channel interface with vari-
ation of VGS at VDS = 0.1V obtained via analytical model
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Figure 5.30: Electric field intensity and it’s horizontal(Ex) and vertical(Ey)
components at front oxide/channel interface with VGS = 0.5V
and VDS = 0.1V obtained via analytical model
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5.3 TCAD Simulation Results

In order for further verification of the developed analytical model a TCAD
device simulation model has also been developed in SILVACO ATLAS to
simulate the ID − VG characteristics of SG SOI TFET. The parameters
used for simulation is shown in Table 5.2.

Table 5.2: Values of various device parameters used in TCAD simulation

Parameter description Symbol Value
Channel Length Lc 20 nm
Channel Width Wch 1 µ m
Channel Thickness TC 40 nm
Oxide Thickness Tox 2 nm
Buried Oxide Thickness Tbox 2 nm
Source Length Lsource 40 nm
Drain Length Ldrain 40 nm
Channel Doping Nch 1016 cm−3 n type
Source Doping Nsource 1019 cm−3 p type
Drain Doping Ndrain 1019 cm−3 n type

Fig. 5.31 and 5.32 exhibits the variation potential profile and electric
field intensity respectively, along the horizontal direction. Electron energy
band diagrams along the horizontal and vertical direction of the channel
are shown in Fig. 5.33 and 5.34 respectively.
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Figure 5.31: Potential along the horizontal direction from source to drain with
VGS = 0.5V and VDS = 0.1V obtained via TCAD simulation.
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Figure 5.32: Electric field intensity(E) and its horizontal (Ex) and vertical
component (Ey) along the horizontal direction from source to
drain with VGS = 0.5V and VDS = 0.1V obtained via TCAD
simulation.
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Figure 5.33: Electron energy band diagram along the horizontal direction from
source to drain obtained via TCAD simulation.
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Figure 5.34: Electron energy band diagram along the vertical direction from
gate to substrate obtained via TCAD simulation.
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5.4 Benchmarking of the proposed Model

Validation of any model is necessary to make it acceptable to scientific
community. Two fold validation has been performed in this work; firstly
the proposed model is compared with COMSOL simulation model and M.
J. Lee’s model [20] and secondly it is matched with TCAD simulation.

5.4.1 Comparison with COMSOL Simulation Results and Lee’s Model
[20]

Fig. 5.35, 5.36 and 5.37 show the comparison potential profile obtained
from analytical model with that of COMSOL simulation and Lee’s Model
[20] and Fig. 5.38, 5.39 and 5.40 show the comparisons among electric field
intensity obtained from those. In all cases, analytical model show better
match with the COMSOL Simulation model than the Lee’s Model [20].
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Figure 5.35: Comparison of surface potential with VGS = 0V and VDS = 0.1V

Comparison of ID−VG characteristics obtained from different is shown
in Fig. 5.41. And analytical model shows better agreement with that of
COMSOL simulation results than the results obtained from Lee’s Model
which attributed to the very fact that our model incorporates box voltage
drop whereas Lee’s model doesn’t.
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Figure 5.36: Comparison of surface potential with VGS = 0.5V and VDS =
0.1V
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Figure 5.37: Comparison of surface potential with VGS = 1V and VDS = 0.1V
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Figure 5.38: Comparison of Electric Field Intensity at the front oxide/channel
interface with VGS = 0V and VDS = 0.1V
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Figure 5.39: Comparison of Electric Field Intensity at the front oxide/channel
interface with VGS = 0.5V and VDS = 0.1V
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Figure 5.40: Comparison of Electric Field Intensity at the front oxide/channel
interface with VGS = 1V and VDS = 0.1V
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Figure 5.41: Comparison of IDS-VGS characteristics with VDS = 0.1V

73



5.4. Benchmarking of the proposed Model Results and Discussion

5.4.2 Comparison with TCAD Results

Since TCAD simulation includes a number of physical effects such as the
width of depletion region, SHR which has been overlooked while developing
the analytical model; matching with TCAD results need slight calibration
of material based parameters such as A, B and D in the Kane’s model.
Fig.5.42 shows the comparison of calibrated analytical model ID−VG char-
acteristics with TCAD ID − VG characteristics. It is evident that excellent
agreement is obtained between them.
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Figure 5.42: Comparison of IDS-VGS characteristics with VDS = 0.1V
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5.5 Study of Short Channel Effects

Using the analytical model, which includes the effect of drain bias and sub-
strate bias, the short-channel effect of the TFET is studied and compared
with that of the MOSFET. While the short-channel effects in MOSFETs are
directly related to the phenomenon of drain-induced potential barrier low-
ering (DIBL), a similar phenomenon called drain-induced barrier thinning
(DIBT) exists in the TFET. While the short-channel effects in MOSFETs
are directly related to the phenomenon of drain-induced potential barrier
lowering (DIBL), a similar phenomenon called drain-induced barrier thin-
ning (DIBT) exists in the TFET. TFETs, the threshold voltage is simply
defined as the gate voltage for a specific drain current of 0.1µA/µm
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Figure 5.43: Variation DIBT with channel length for different channel thick-
ness

Fig. 5.43 exhibits the variation of DIBT with respect to the variation of
channel length. As the channel length is decreased DIBT increases. This is
due to the increment of horizontal component of electric field. We know the
tunnel barrier for a TFET becomes thinner as the horizontal component
of channel electric field gets decreased.

Fig. 5.44 presents the variation of DIBT with channel thickness where
we can observe that with the increment of channel thickness DIBT in-
creases. This is due to the fact that contribution of gate bias on channel
electric field is reduced and drain bias contribution is enhanced as the chan-
nel thickness is increased. Since barrier thinning in TFET largely depends
on horizontal electric field and as Tsi is reduced horizontal component is
increased so thus the DIBT.
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Figure 5.44: Variation of DIBT with channel thickness for different channel
length.

5.6 Characterizing NCTFET with the Proposed Model

Nadim et. el. [51] combines the physics of Tunnel FET and FeFET to pro-
pose a device called Negative Capacitance Tunnel FET (NCTFET) which
yields two fold reduction in sub-threshold swing.It presented a 1-D model
for NCTFET but here we report a 2-D analytical treatment of the device
based on the proposed model. Fig. 5.45 (a) shows the schematic cross
section of NCTFET.

Here tunnel current for NCTFET is calculated on the basis of 2D elec-
tric field intensity but the impact of Ferroelectric Oxide is incorporated
through 1D Landau model [67]. Consider Fig. 5.45 (b) which shows a
1D capacitance model from gate to the substrate terminal. First 2D Pois-
son’s equation is solved in the intrinsic channel region assuming Vgs and
Vsub are the applied voltages at metal 2 and metal 3 respectively. Then
1D Landau model is used to evaluate VFE across the ferroelectric oxide.
Fig. 5.46 shows the ID − VGS characteristics of the NCTFET along with
the traditional TFET both obtained through the application of proposed
model and it is conspicuous that NCTFET shows better performance than
TFET in terms of subthreshold swing.
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Figure 5.45: (a)Schematic cross-section of the NCTFET (b) 1D capacitance
model of NCTFET.
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Figure 5.46: ID − VGS characteristics of NCTFET obtained through applica-
tion of the proposed model.
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6
Conclusion

This chapter succinctly recapitulates the whole work and proposes
some unexplored facets of this work which can be put under exten-
sive research.

6.1 Succinct Recapitulation

In this work we have developed a physically based 2-D analytical model
for SOI TFET. For modeling TFET the channel electric field distribution
is a paramount parameter as it dictates the generation of carrier through
band to band tunneling in the channel region. In this work we have shown
through numerical simulation that the channel potential and electric field
distribution is inherently a 2-D phenomena and any attempt to model it
in 1-D would introduce a severe error while anticipating the performance
of the device unless some fitting parameters are included in the model.
Therefore, in case of TFET 2-D modeling is a must condition for accurate
prediction of device performance. Unlike other 2-D models already avail-
able in the literature [20], proposed model takes into account the effect of
substrate bias. Previous models take 1-D approximations while incorpo-
rating the effect of gate and substrate bias in the channel region making
their models pseudo-2-D. But in this work we assumed no such approxi-
mations and performed complete 2-D analysis for developing the model.
The accuracy and applicability of the proposed model has been bolstered
through benchmarking of the model results against those of the results ob-
tained from numerical and TCAD simulations. It is well known that [70]
in principle Tunnel FET is immune to short channel effects such as DIBT.
Based on the analytical model, we also studied the DIBT of the device and
verify the previous statement.

The proposed model can be applied to other structures like DG TFET,
DMG TFET, NCTFET and Heterojunction TFET with slight or no modi-
fications. Since TFET is a potential candidate for the next generation low
power high speed electronics and the proposed model accurately predicts
the performance of the device incorporating the effect of substrate bias; so



6.2. Suggestions for future work Conclusion

the work presented here can have huge impact in the upcoming low power
computational era as far as the device modeling is concerned.

6.2 Suggestions for future work

1. The effect of source and drain depletion regions can be incorporated
in the model to obtain a more accurate one.

2. To simplify mathematical formulation the effect of mobile charge and
depletion charge in the channel region are not taken into account. A
study can be carried out including the effects of these charges in the
channel region.

3. In this work, we have used separation of variable technique to solve
2-D Poisson’s equation. Green’s function method can also be used to
solve Poisson’s equation which would yield a different model.

4. Reducing the thickness of the channel below 10 nm will cause the
quantization of mobile charges in the channel region which is basi-
cally a quantum mechanical effect. Similar study can be carried out
incorporating the QM effects in the channel region.

5. The proposed model can be extended for heterojunction Tunnel FETs.
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