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ABSTRACT

The static-power constrained applications have promoted the research on the steep slope
transistor based analog/digital circuits. The prime objective is to overcome the problem of the
MOSFET’s ever-increasing leakage current while maintaining the performance. Therefore, the
transistors with a steep subthreshold swing (SS) are being extensively investigated by the
device research community. Among the emerging transistors, Tunnel FET (TFET) is one of the
most promising by virtue of its ultra-low leakage current and MOSFET compatible fabrication
processes. There are two kinds of TFETS, point and line TFET which are differentiated as per
the direction of tunneling with respect to the gate. The steep slope of these devices makes them
suitable for the sensing and other low power applications. However, the biasing schemes and
the impact of device design parameters on the analog circuit performance have not been
discussed in depth for TFETs. Bearing the above facts in mind, the biasing strategies and the
small signal model for TFET need to be examined in detail. In addition, the drain current
saturation voltage (Vpsat) and the body bias saturation voltage (Vgsat) are extremely important
from the perspective of analog design.

We investigated for the first time, a method to extract Vpsar for the point and line TFETS.
The saturation in output characteristics of a point TFET is attained when the difference in the
conduction band energy of the channel and drain is a few KgT. As the drain voltage (Vps)
increases, the device initially enters in a soft saturation state and subsequently into deep
saturation. The onset of soft and deep saturation happens for a constant difference in the gate-
drain bias (Vep). We have also validated our results with the published experimental data. A
soft saturation state in L-TFET is attained when the electron density in the epitaxial layer over
the source saturates with the drain bias (Vps) and the conduction band energy gets pinned. In
addition, at the onset of deep saturation, the electron density in the epitaxial layer over the
channel drops below its doping level and the conduction band energy becomes invariant of any
further increase in Vps. The transconductance and output resistance abruptly increases when the
device enters in the soft saturation regime and attains a maximum in the deep saturation. The
difference Vgp is found to be a constant at the onset of saturation and remains independent of

the gate-source overlap length (Lov). A shift in Vpsat and Vep is also observed with a change in



the thickness and doping of the epitaxial layer. Further, a nominal change of ~ 5% in the
voltage gain of a common source amplifier is observed when the n-device is either biased in
soft or deep saturation regime, without any trade-off in the bandwidth. The proposed method is
suitable for the analog design as Vpsar varies linearly with Vgs.

The impact of body bias (Vgs) and gate-source overlap on the device-circuit analog
performance of the epitaxial layer based L-TFETSs is reported for the first time. The occupancy
probability within the valence band of the source determines the modulation of Iy with Vgs. An
increase of 40-60 % in Ip with the reverse Vgs is observed, while the forward Vgs does not
significantly alter the drain current. The reverse Vgs at which Ip attains the maximum value is
defined as Vgsat, Which changes almost linearly with Vgs. We also proposed a mathematical
model to determine Vgsar, bsed on the electrostastics of the gate-source overlap region. Vgsar
increases with the gate-source overlap length (Lov) and decreases with the thickness of
epitaxial layer. The intrinsic gain and unity gain cut-off frequency increase with the reverse Vgs
and remain nearly constant with the forward Vgs.

In general, the device width is being used to improve the drive capability in circuit design.
We investigated that an increase in the gate-source overlap can also substantially enhance the
analog performance of L-TFETSs. Thus, we propose Loy variation-aware small signal model for
L-TFETs based analog circuit design. This model can be used for appropriate sizing of the
transistor for a target amplifier performance. The drain current initially increases linearly with
Lov, and then exhibits a non-linear behavior. This is due to reduced effect of the lateral electric
field at the far end of the gate-source overlap region. It is observed than an increase of 2.5x in
Lov results in ~2.33x increase in the voltage gain without any significant penalty in the
bandwidth. Therefore, Loy can be used as an important design parameter in the analog circuit
design, as it does not significantly change the output resistance and the gate-drain capacitance

of the device.
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Chapter 1

Introduction

The modern semiconductor devices have established a new dimension in the handheld
consumer and healthcare electronics such as tablet PC, smartphones, and sensors. This requires
an electronic device that consumes less power with a minimum supply voltage and oFF-state
leakage current (logr) [1]. The reduction in power dissipation turns out to be essential as CMOS
technologies grow. This demands for a new transistor based switch which works at the lower
operating voltages and maintains a reduced level of the leakage current. In this manner, the
opportunities and challenges emerge from the quantum mechanical transport. A novel tunnel
transistor can essentially operate at significantly lower voltages than MOSFETSs by employing
band-to-band tunneling as the main conduction mechanism with the small subthreshold slopes
(SS) [2].

1.1 Fundamental Limitation of CMOS: Tunnel FETSs

A reduction in the power consumption of MOSFETS is primarily because of the lowering of
the supply voltage. However, keeping this trend by employing the CMOS technology scaling,
gives diminishing results due to an increase in the orrF-state leakage current. Consequently, the
total power consumption also increases. The MOSFET devices suffer from a fundamental
limitation of the lower bound o subthreshold slope and thus also the oFF-state leakage current.
The complementary MOSFETS are not suitable for the circuit operation below 0.5 V supply
voltage because of their SS limitation, which is not possible to scale below 60 mV/decade at
the room temperature, as shown in Fig. 1.1(a) [3]. As per the scale length theory of MOSFETS,
the threshold voltage can be reduced by the same scale as of the supply voltage [4]. This results
in a net increase in the gate overdrive voltage and lorr. Beyond 65 nm technology node, the
leakage is very high and static power dominates, as shown in Fig. 1.1(b) [5]. Therefore, the
fundamental bottleneck with the MOSFET based technologies is the non-scalability of SS. In

conventional MOSFETS, the lower bound of 60 mV/decade is because the subthreshold current
1



is driven by the ‘Boltzmann tail” of the source carrier population, with the energies greater than
the top of the barrier in the channel. In addition, this ‘Boltzmann tail” becomes more significant
because of the drain induced barrier lowering (DIBL), which is a major challenge for the short
channel MOSFETS of the present era.

av, 2.3mKgT C .-
68— 22078 and m = 1 4+ 22 indicates the voltage
dloglOID q Cox

drop across the channel effectively. Here, m, Kg, T, Cpep and Cox are the mass of electron, the

At the room temperature, SS =

temperature, Boltzmann’s constant, depletion and oxide capacitance respectively. This
fundamental limitation necessitates a very small supply voltage for operating the MOSFET
devices. In addition, the voltage scaling also hampers by the increased variability of the scaled
devices owing to the random dopant fluctuations [6].

101
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Drain Current

104
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10° : i : T ‘ :
Gate Bias 1990 1995 2000 2005 2010 2015 2020
Year

(a) (b)

Figure 1.1: (a) Transfer characteristics of MOSFET indicating an exponential increase in the

leakage current with a decrease in the threshold voltage (V1) due to the technology scaling. (b)
Trends of the dynamic and static.: CMOS power show that static power consumption has

become a serious problem [5].

To prevail over these fundamental constraints, a new carrier injection mechanism must be
employed instead of the drift and diffusion of carriers. This has initiated the research in so-
called “steep slope” transistors which can have SS < 60 mV/decade. Therefore it is possible to
achieve a good lon/lorr ratio at the lower voltages. Many such devices have been proposed to

achieve the steep slopes [6], [137] as follows:



Impact lonization MOS (IMQS) is based on the avalanche breakdown principle and
requires a high reverse bias voltage. The steep slope is achieved by the process of
impact ionization in the high-field region (drain junction) when the device operates
in the saturation regime. Hole current generated due to impact ionization (for an n-
channel device) enhances the potential of the transistor body near the channel
region. This decreases the threshold voltage and increases the drive current [137].
The increase -in current further increases the rate of impact ionization. By the
process a positive feedback loop is completed. Consequently, the drain current
latches rapidly from the OFF state to the ON state and SS < 60 mV/decade can be
observed [138]. However, these devices suffer from serious scalability issues.
Nano-Electro-Mechanical Switches (NEMS) are fabricated with mechanical
contacts. The gate electrode remains in contact with the gate dielectric during the
OFF state, thus, the short-channel effects are efficiently suppressed. In addition, the
gate electrode gets separated from the gate dielectric during the ON state, hence.
This dynamically lowers the threshold voltage and the drive current of transistor is
enhanced, along with the elimination of the gate leakage. The NEMFETS are likely
to meet the performance specifications for the low power applications, even at 25
nm gate length, and is attractive choice for scaled supply voltage operation [139].
These devices are having a lower speed and also suffer from the reliability issues.
Negative Capacitance FETs (NCFETS) are based on the ferroelectric concept. The
concept of NCFET was recently demonstrated by Salahuddin et al. in 2008, using a
negative differential capacitance [140]. Theoretical NCFET projections were
reported using HfZrO2 as anti-ferroelectric material and it was shown that a
minimum SS ~ 23 mV/decade can be achieved [141]. NCFETs having ferroelectric
and organic material in their gate stack have been also experimentally demonstrated
with SS ~ 18 mV/decade [142]. A minimum SS ~ 8.5 mV/decade for FinFET based
negative capacitance device was experimentally measured with wide hysteresis
[143]. Ferroelectric HfZrOx FET was experimentally reported with a small
hysteresis window shift (<0.1 V), reverse SS ~ 28 mV/dec, and forward SS ~ 42
mV/dec. These devices are primarily used for energy harvesting applications [144].
It is found that ferroelectric damping effect results in large short circuit power and

delay, which in turn limits the high frequency operation [145]. Ferroelectric
3



thickness should be properly tuned in order to get saturated output characteristics. In
addition, these devices suffer from the lower speed, and the interface states also
pose fabrication complexity.
Hyper FET is a recent addition to the plethora of steep slope device, also popularly
known as Phase Transition FET. In these devices the source terminal is attached to
the phase transition correlated material. The steep slope of the Hyper-FET is due to
the collective carrier dynamics of the correlated material. During the transistor
operation, these materials experience selective phase switching. Correlated materials
show a strong correlation among their inherent electrons. Consequently, they have
striking electronic and magnetic properties such as spin—charge separation, metal—
insulator transitions, and half-metallicity [147]. Few examples of these materials are
vanadium dioxide, doped chalcogenide, Cu-doped HfO2 etc which have highly
nonlinear electric behavior. The functionalities of Hyper-FETs have already been
shown experimentally with the discrete and monolithic incorporation of the
correlated material with the transistor. In addition, SS ~ 8 mV/decade has been
measured in the monolithically integrated Hyper-FET [137].
Tunnel FETs are based on the band-to-band tunneling transport mechanism and
exhibit steep turn-on characteristics. This device will be discussed in the rest of the
thesis comprehensively. The above mentioned steep slope devices are helpful in the
analog applications to realize:

= Shorter discharging time for a node capacitor.

= Better analog switch with linear ON state resistance having lower value.

= Differential amplifier with larger voltage amplification for small signal.

= Current mirror with more precise current transfer.

Among all these devices, band-to-band tunneling (BTBT) transistors have emerged as one

of the most promising because of their potential for low voltage operation and fabrication
compatibility with CMOS technology [7].

1.2 Working Principle of Tunnel FET

In essence, TFET works as a gated p-i-n structure where the carrier transport takes place by

BTBT between the source and channel, as shown in Fig. 1.2 [2]. In order to remain consistent

with the MOSFET technology, names of the terminals are selected such that the voltages are
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applied in an analogous way for TFET operation. The n* region of a TFET is denoted as its
drain, and the source is made up of p* region for an n-type device. For an n-type device to be in
the OFF-state, the conduction band energy of the channel is higher than the valence band energy
of the source, therefore, preventing the tunneling to occur [Fig. 1.2]. With the increased gate
bias, the conduction band edge of the channel is pulled below the valence band edge of the
source, such that BTBT occurs and the device becomes turn-on. In a similar fashion, the p-type
device can be realized by just reversing the doping polarity of the n-type device. The carrier
injection from the source is a strong function of the range of energies over which tunneling can
occur. Besides, the high-energy Boltzmann tail of the source distribution does not append to the

tunneling current at the low bias.

Probability

Probability

Ey
Figure 1.2: Comparison of working mechanism between MOSFET and TFET. Ec, Ey, and

Er are the conduction band, valence band, and Fermi energy respectively.

Therefore theoretically, it is possible for TFETs to attain the subthreshold swings
appreciably below In(10)KgT/q mV/decade with a lower value of lorr. [8]. The tunneling
probability, T and tunneling current Igrgr can be calculated using WKB approximation as:
—4Zm Egl2 1)

3Rh(AD + Eg)

Here, Eq4 is the energy bandgap at tunnel junction, 4 is the screening length, m* is the

IBTBT X T =~ EXp(

tunneling mass and A@ is the range of energy over which tunneling can occur. Therefore, the

important conditions for the band-to-band tunneling to take place are:
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Available states to tunnel from
Available states to tunnel to
The energy barrier that is sufficiently narrow for the tunneling to take place

Conservation of momentum.

Tunnel FETs suffer from the low drive currents in spite of their steep slope. Further, the

steep slope also depends upon the interface quality at the tunneling junctions.

Point and Line TFETSs: Tunneling Direction

Tunnel FETSs can be classified into two categories according to the direction of tunneling.

The first one is Point TFET, in which the tunneling occurs at the edge of source-channel

junction. The contribution of this tunneling is dominant in the small localized area. The second

category is the Line TFET, in which the directional of tunneling is orthogonal or perpendicular

to the gate. Line TFETSs exhibit one dimensional nature of the band-to-band tunneling unlike

point tunneling where two dimensional picture of band-to band tunneling is present. The line

TFETSs have increased area of cross-section for tunneling, hence the driving capability of such

devices are always higher than their point tunneling counterparts.

Line TFET Point TFET

eCurrentDensity (A*cm”-2)

2.8%96e-26 5.447e-21 1.025e-15 1.927e-10 3.625e-05 6.818e+00 1.282e+06

Figure 1.3: (a) Classification of TFETs as per the direction of tunneling. Solid arrows indicate

the Line tunneling and dashed arrows indicate the Point tunneling. (b) Current Density in the

Line and Point TFET devices obtained through our numerical TCAD simulation two devices.
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It is observed from the numerical TCAD simulations, that the current flow lines are almost
similar for these two devices. However, the current density is higher in the case of Line TFET

devices due to the increased area of cross-section for the tunneling, as shown in Fig. 1.3(b).

1.3 Motivation

The fabrication of TFET devices is compatible with the state-of-art CMOS technologies
and the oFr-state leakage of TFET is appreciably lower than the MOSFET. The potential of
TFET to implement ultra-low power analog/digital applications have also been verified by the
several simulation and experimental studies. However, currently reported TFETs offer a low
drive current which limits their speed performance, a relevant use can be found in the power-
constrained applications, such as Internet of Thing (I0T) sensors. These sensors catch each and
every single event coming whenever. Thus, it is not feasible for the circuits to remain turn-off
very often, consequently, the static power consumption increase. TFETS are being extensively
explored for the power constrained analog and digital applications (IoT), owing to their steep
slope, lower loer, and higher output resistance. This encourages us to determine the dependence
of TFET analog performance on the bias voltages and the device design parameters. It has been
established as a fact that the proper biasing of the analog circuit is essential; hence a detailed
study on the drain current saturation is also required. The saturation of drain current in TFET is
very unique in nature. It occurs at a constant difference between the gate and drain bias. This
necessitates the understanding of the physics behind drain current saturation in TFETS.
Therefore, it is also required to extract the drain current saturation voltage (Vpsat) for both the
line and point TFETS, in order to bias them properly in the analog circuits. The impact of body
bias on the device performance is very critical as it modulates the drive capability of the device,
so there is a need to model such effects. In addition, the variation in gate-source overlap length
modulates the drive capability of the epitaxial layer based line TFETS, and hence it can be used
as an important design parameter for the analog circuit design. Furthermore, a device design

guideline is also required to obtain the optimum device-circuit analog performance.

1.4 Objectives

In this work, the physics behind the saturation in the drain current of the point and line

tunnel FET is explained from the perspective of analog design. Thereafter, a method to extract
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the Vpsar is also proposed for the first time for these devices. The impact of body bias and
gate-source overlap on the line tunneling devices is also examined in this work. This is
accomplished by the following objectives:

e To explain the physics behind the drain current saturation in the point and line TFETS.

e To propose a method to extract the drain current saturation voltage (Vpsat) for the point
and line TFETS,

e To demonstrate the device-circuit analog performance in the soft and deep saturation
regimes based on the proposed methods.

e To establish a device design guideline to obtain an optimum device/circuit analog
performance using TFETS.

e To model the impact of body bias on the line TFETs and explain its implications to the
analog design. A method to extract body bias saturation voltage (Vgsar) is also
discussed.

e To propose a gate-source overlap variation-aware small signal model for the line TFETS

to determine the analog device-circuit performance.

1.5 Outline of Work in this Thesis

This thesis is based on the objectives discussed above. This thesis consists of a total seven
chapters. Each chapter begins with the introduction, problem statement, and motivation behind
the respective study. Thereafter, the simulation framework is discussed in details. This is
followed by the analysis and interpretation of results. The novelty of the work is also drawn in
the conclusion section.

Chapter 1 provides the need of steep slope devices for the low power application. This
chapter outlines the basic working principle and the potential application area of TFETs. The
definition of line and point TFET is also introduced. Thereafter, a summary of each chapter is
presented at the end.

Chapter 2 presents an extensive literature review of TFETS, starting from its origin to the
recent advancements. This also elucidates that how the junction and material engineering are
the major driving force for obtaining the steep slope in TFET devices. The physics and
analytical models of TFETs are presented with their significance. The potential applications

and limitations of TFETS are also discussed at the end of this chapter.
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Chapter 3 deals with the thorough explanation of the physics behind the drain current
saturation in the point tunneling based TFETs. A well-calibrated simulation deck is used to
carry out the numerical simulations using Sentaurus TCAD tool of Synopsys Inc. An approach
to define the soft and deep saturation condition is also presented. We proposed a systematic
methodology to identify the soft and deep saturation voltages of the device, and then a method
to extract the Vpsar is also presented for the first time. Consecutively, this facilitates the analog
designer to bias the analog circuit in the appropriate regime. A common source amplifier biased
in the soft and deep saturation regime is also demonstrated. Further, the impact of the device
design parameters on Vpsar is also presented with the new physical insights. The validation of
the proposed method is also done against the experimentally measured data.

Chapter 4 explains the saturation in drain current for the line TFETs. The device under
consideration is an epitaxial layer based TFET, whereby the tunneling occurs normal to the
gate. The physics of saturation is different from the point tunneling devices, as the tunneling
mechanism is different. As compared to point TFET, the area of the cross-section for tunneling
is effectively increased in the line TFETSs. Further, a method to extract the Vpsar for the line
TFETSs is also proposed for the first time. We also figured out the device design guidelines for
the line TFETs based analog circuit. The variation of Vpsat with the vital device design
parameters like overlap length, doping, and thickness of the epitaxial layer, is also presented
with the physical insights.

Chapter 5 presents a comprehensive study about the impact of body biasing on the
epitaxial layer based line TFETs. The modulation of drain current with the body bias is mainly
due to the modulation of the available states for tunneling. An explanation based on the physics
for the above said effect, is also validated by a mathematical model proposed by us. The
variation in Vgsat (the voltage at which the drain current maximize) with the gate and drain
bias is also explained with our model. The variation in Vgsar With device design parameters is
also presented. The behavior of vital analog performance parameters with the reverse and
forward body bias is also examined in detail. Further, the impact of body biasing on Vpsar iS
also investigated from the perspective of analog circuit design.

Chapter 6 demonstrates Loy variation-aware semi-empirical small signal model for L-
TFETs based analog circuit design. We report a comprehensive physics behind the drain
current dependence on the gate-source overlap length (Lov) in the line TFETSs. Thereafter, the
influence of Loy on the vital small signal parameters is also discussed for the first time. It is
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observed that the increase in drain current with the increasing Loy exhibits a nonlinear
behavior. The proposed semi-empirical small signal model is based on the electrostatics of the
gate-source overlap region. Further, the advantage of Loy variation over the device width in the
analog circuit design is also examined.

Chapter 7 presents the major findings of the thesis. The conclusions are drawn on the basis
of results obtained through the numerical TCAD simulations and physics based models. The
future scope of the current study is also proposed for the prospective readers of the

device/circuit research community.
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Chapter 2

Literature Survey

An increased leakage current, and hence the power budget is a primary setback for the
nano-scale integrated circuits. In general, the supply voltage scaling shrinks the energy required
for switching, however, the transistors in present era integrated circuits, require more than 60
mV of the gate bias to augment the drive current by one order of magnitude at the room
temperature. TFETs overcome this limit by employing the quantum-mechanical tunneling
rather than the thermionic injection, to inject the charge carriers into the channel of the device.
TFETSs based on nano-wires or ultrathin semiconductor films can attain around hundred times
power reduction over the CMOS technology [9]. Therefore, an integration of TFETs with

CMOS technology can elucidate the problem associated with the low-power integrated circuits.

2.1 Initial work on Tunnel Device

The concept of tunnel transistor has a long history, going back to the realization of tunnel
diode based on inter-band quantum mechanical tunneling followed by a three terminal tunnel
device by Banerjee et al. in 1987 based on Zener effect [10]. Further, the idea of inter-band
tunneling was many times rediscovered and the first experimental demonstration of the surface
tunnel transistor (STT) was submitted by T. Baba in 1992 having n*-i-p* structure with an
insulated gate over the intrinsic region [11]. The first silicon surface tunnel transistor [12] was

experimentally presented, based on the lateral BTBT and there was no punch through effect.

2.2 The Promise and Status of Tunnel FETs

Perhaps, the first sign of the massive potential of TFET came into the picture in 2004, with
the experimental observations of inverse subthreshold swing (SS) in carbon nanotube based
transistor biased to induce BTBT [13]. The current flow was controlled by modulating the
conduction and conduction band edges of the channel and source respectively. Therefore, SS of

40 and 65 mV/decade was observed for n and p-type device respectively. Meanwhile, the sub
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60 mV/decade swing in Silicon TFET having vertical process flow using the simulation [14]
was proposed. They reported optimized TFET characteristics by including a " SiGe layer to

increase the tunneling probability along with the scaling issues.

2.2.1 Quench of Steep Slope and High Drive Current

Till date, several experimental and simulation based studies have been conducted to realize
SS of sub 60 mV/decade using TFET for both n- and p-type devices, considering various
structures and material system. Since, the fundamental idea is to increase the tunneling current
by keeping SS and leakage as small as possible. The tunneling can be modulated by changing
the bandgap of material, tunneling mass of material and by controlling the electric field at
tunnel junction [15]. Choi et al. experimentally demonstrated SS of 52.7 mV/decade [16]. It
was suggested to use low bandgap material like SiGe and Germanium source, abrupt doping
profile and the lower equivalent oxide thickness (EOT). The double-gate TFET with a high
drive current of 300 pA/um and SS of 50 mV/decade by employing the concept of strained
Germanium was experimentally demonstrated [17]. It was suggested to use asymmetric doping
along with the degenerately doped source. Gahndhi et al. demonstrated Silicon nanowire based
TFET using a CMOS compatible vertical gate-all-around process flow [18]. SS and DIBL of
the said device were 30 mV/decade and 70 mV/V respectively without any ambipolar effect.
Recently, GeSn based TFET is proposed for energy efficient design, wherein both n- and p-
TFETSs are having comparable drive currents [19], [20].

So far, we have reviewed about group-1V (Si, Ge, SiGe, and GeSn) semiconductors based
TFET devices. Since group-1V semiconductors are having relatively higher effective masses
and indirect band gaps. Thus, these semiconductors are liable to suppress the tunneling
probability and hence limit the expected drive current, and hence hinder any obvious
technology advantages in terms of CMOS compatibility. To prevail over these limitations,
TFETSs based on 111-V materials and/or hetero-junctions have become more widely explored
owing to their smaller and tunable direct bandgap and effective masses, which significantly
increase the tunneling probability. Experimentally, many studies have shown higher on-
currents in all 111-V TFETs compared to silicon, but most have failed to confirm steep SS [7],
due to less steep impurity profiles and high density of defects at the source channel junction.
Most of the studies were based on InAs, InGaAs and GaSh-InGaAs based material system along

with certain modifications in the fabrication process. Perhaps, the most promising experimental
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reports have come in InGaAs-based TFETs which achieved a minimum subthreshold swing of
60 mV/decade [21] and 64 mV/decade. Several InGaAs/Si or InAs/Si hetero-junction TFETS
with steep SS (as low as 30 mV/decade at very low currents) have also appeared, though,
invariably with little on-currents [22]. InP/GaAs hetero-structure nanowire TFET has also been
measured to have SS below 50 mV/decade, though the strong temperature dependence of SS in
the device suggests that the subthreshold current may be due to something other than direct
band-to-band tunneling [23]. All such I11-V semiconductor devices suffered from high leakage
current originating from material issues, complications due to random dopant fluctuation, traps,
and inadequately optimized tunnel junction electrostatics because of less steep doping gradients
[24], [25], [24]. Recently, p-type TFET with hetero-junction of 111-V material with GeSn is
reported showing promising current-voltage characteristics [26].

From the above literature, it is important to note that the group-1V based TFETs are having
a low drive current and steep slope, whereas, group I11-V based TFETS are having gradual SS
along with higher drive current. Therefore, in addition to the material system, structural
modifications in TFETs have also been explored, beyond the lateral tunneling structure [27]-
[29]. A gate-source overlap is used to improve the drive current by lining up the gate field to
the tunneling direction. This, in turn, increases the tunneling cross-section area. Although some
experimental devices have adopted this configuration, surface field-induced quantization and
fabrication complexity pose possible significant challenges. The gate-drain underlap structures
[Fig. 2.1 (a)] have also been exercised to suppress the ambipolar effects in TFETs [30].

(@) (b)
Figure 2.1: Tunnel FET structures (a) gate-drain underlap (b) epitaxial layer based TFET with

increased cross-section area of BTBT.

Further, the line tunneling structures are also being explored in quench of higher drive
current and steep slope, whereby the tunneling area is increased by the insertion of an epitaxial
layer of over the source [27], [29], [31], [32], as shown in Fig. 2.1(b). However, the quantum
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confinement issues are important for such devices. The concept of bi-layer TFET [33] is also
being explored, whereby electrostatic doping is realized by the back gate biasing and thus,
eliminating the need of abrupt junctions [34] . The gate work functions were tuned carefully for
such devices.

2.2.2 Current Fabrication Status of Tunnel FETS:

By comparing the theoretical and experimental studies on TFETS, it seems that there exists
a large gap between the two. The results presented by Lu et al. [7] clearly indicate that highest
ON state current for n-TFET is 10 A/um for the n-type device and 10 A/um for the p-type
device was observed till 2014. A few devices with Si/SiGe/Ge material system were also
reported with SS < 60 mV/decade, having Ip of 10”7 to 10> A/um. Most of the devices with I11-
V hetero-structure and broken energy bandgap exhibited Ip as per the projection of ITRS,
however, with SS > 60 mV/decade. In 2015, Brijesh et al. experimentally reported the
complementary Ing9Gag1As/GaAsy 18Sbo g2 near broken bandgap TFET with loy ~ 275 pA/pum
and sub-60 mV/decade for n-type TFET, and lon ~ 10 pA/pum and 115 mV/decade minimum
SS for p-type TFET [148]. In 2016, Pandey et al. benchmarked Ing gsGag 3sAs/GaAs 4Sbo s and
Ge/Gegg3Sno o7 hetero-junction p-type TFET, and reported that IngesGag 3sAS/GaAsy4Shos
TFETSs exhibit lower phonon-assisted tunneling then the other one [26]. Recently, a vertical
pillar based TFET structure was experimentally demonstrated by Glass et al. [135], which has a
counter doping in the channel (Si is sandwiched between two SiGe layer) to improve SS.
Negative capacitance InGaAs TFETs [149] and Phase Change TFETs [150] were also reported
recently for the analog and digital applications. In addition, quantum engineering is also being
explored for 2D material based TFETSs [151].

To form the abrupt junctions in TFET, researchers are using Selective Epitaxial Growth
(SEG) at high temperature. In addition, to prevent the dopant diffusion into SEG region, HfO2-
TiN gate stack is being employed by using atomic layer deposition. Traditional hetero-epitaxy
suffers from lattice mismatch, which results in defective layers. The art of hetero epitaxy is to
reduce and confine the defective layer close to the substrate, such as to keep defects away from
the device layer. This may be accomplished by the nucleation and buffer layers, annealing
strategies, and/or the use of masked substrates. The monolithic integration of various I11-V
compounds on Si using template-assisted selective epitaxy (TASE) is also being used for

electronic devices.
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2.3 Tunnel FET Device Physics and Modeling

In this section, the fundamental of TFET device physics will be discussed. The device
shows unique ambipolar behavior and the super-linear onset of the drain current. A variety of
compact analytical models for TFETs have been presented for the current-voltage and the
capacitance-voltage modeling. A few SPICE level models have also been introduced for the

circuit design.

2.3.1 Device Physics

There is a precise physical definition of the threshold voltage (V) for MOSFETS, whereas
no such well-defined characterization exists in TFETs. For all such novel devices, Vry can be
extracted at an arbitrarily chosen constant current, as of CMOS experience. It has been reported
that TFET exhibits dual threshold voltage: First in terms of the gate voltage and the second in
terms of drain voltage [35], [36]. The notorious ambipolar behavior of TFET is defined as the
conduction for the high positive and negative gate biases, while the drain is kept polarized in
one direction only, for the n- and p-device respectively [37]. In addition to this, it was
investigated that merely increasing the drive current of TFET is not sufficient to outperform the
MOSFET, because a unique drain barrier voltage leads to a higher delay in the TFET based
circuits. The saturation voltage in TFET is also much higher when compared to MOSFET [38].
The perfect saturation in the output characteristics of TFET was observed, hence the output
resistance and intrinsic gain of the device is appreciable [39], [40]. Vpsat for the point TFET
was arbitrarily defined as the voltage Vps at which Ip attains 90-95 % of its maximum value.
The impact of field-induced quantum confinement in TFET has been also reported by several
researchers [41]. Since BTBT is a quantum mechanical phenomenon, it is suggested to consider
the multiple valleys of holes and electrons to precisely analyze the behavior of the tunnel
device [42].

A dominant nature of the direct BTBT is observed when the Germanium mole fraction
increases in the Si;.xGe, material system [43]. The impact of variation in the process conditions
and geometrical parameter on TFET were carried out [44], [45]. It was shown the TAT affects
the onset voltage of the device and degrades the subthreshold swing [46]-[48]. Dutta et al. [49]
has comprehensively reviewed the reliability aspects of IlI-V TFETs and suggested a few

applications of TFET for energy efficient computing. Device-circuit co-design was also
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explained by using a look-up table based Verilog-A model. It was established that TFET based
circuits show better efficiency for Vpp < 0.5V. The channel in TFET is inverted due to the
injection of electrons from the drain, and at higher Vps the channel charge reduces significantly
due to the barrier at drain-channel junction [50], [51].

The degradation of SS due to degenerately doped source and the poor driving capability of
TFET was investigated [52]. It was suggested to jointly consider the occupancy function and
tunneling probability. It was also highlighted that driving current can be boosted by tunneling
probability, if and only if there are available states in source and empty states in the channel
over a range of energy. Moreover, for sub-20 nm, the length of the channel and drain must
satisfy some minimum criterion to sustain reverse bias drain voltage. A relatively low doping
of drain enables the distribution of drain voltage drop across the drain and channel so that the
penetration of the electric field can be reduced and hence the leakage current can be controlled
[53], [54]. It was explained that the drain has an important role in influencing the potential
profile at source when the channel length (L) is reduced to below twice the thickness (ts;) of the
device (L <2tg;). It was also reported for the short channel lengths, the source depletion is
coupled with the channel potential through the continuity of field at the junction interface [55],
[56]. The impact of body bias on the point TFET results in an increase in the drain current due
to increase in the electric field at the tunnel junction [57], [58]. It was demonstrated using the
experimental results and the device simulation that the drain current increases sub-linearly with

gate-source overlap [27], [31], [59] for the epitaxial layer based line TFETS.

2.3.2 Tunnel FET Device Modeling

It is almost a decade or more, TFETS are being widely explored by the research community
through experimentations and simulations, but a circuit level model of TFET is yet to be
investigated. Most of the analytical models are based on the semi-analytical explanations of the
Poisson’s equation to determine the surface potential and charge of the channel, in order to
obtain the drain current. Further, most of these models are structure specific and very complex
expressions of the drain current are derived for them. In most of the cases, the tunneling current
density is calculated by employing WKB model [15].

Vandenberghe et al. [60] explained the impact of drain bias on Ip and tunneling probability
through the analytical model for both the line and point tunneling. It was concluded that the

super-linear onset is due to the exponential dependence of the drain current on the tunnel
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length. Prior to this work, researchers used to explain the tunneling current as a function of gate
bias only, this was the first time, when both Vgs and Vps dependence of tunneling current was
addressed [61], [62]. A physics based analytical model by incorporating Landauer formalism to
evaluate the drive current for SOI-TFET was also presented [63]. The saturation of Ip in the
output characteristics was explained [40] using an analytical model and TCAD simulations for
the homo/hetero-junction I1l-V TFETs. It was observed that the saturation in output
characteristics of TFET is quite dissimilar from MOSFET owing to the super-linear onset.
Vpsar was arbitrarily defined as the gate voltage at which drain current falls to 95% of its
maximum value. The delayed saturation further degrades the performance of inverter and other
logic circuits, as reported. The dual modulation effects in the surface potential of TFET due to
the gate and drain bias for different operating regimes were explained [64]. A few models for
the nanowire TFETS are also presented [62], [65], [66].

Lu et al. described the current-voltage characteristics of TFETs using Kane-Sze formula
[67], [68]. This model includes the super-linear onset in the output characteristics and the
ambipolar behavior of TFETs. A set of scaling rules for the sub-10 nm channel length was
highlighted for TFETs considering the ambipolar effects and the role of effective mass [69].
The tunneling current was estimated by Franz's two band E(k) relationship. SPICE level circuit
and analytical models for TFETs by considering source depletion [70]-[72] was presented by
Zhang et al. A closed form and charge based model for capacitance estimation in TFETS is
reported for the point tunneling devices [73]. A review and comparison of various models for

TFETS are nicely discussed by Esseni et al. [74].

2.4 Tunnel FET for Analog and Digital Circuits

In most of the literature discussed above, it is highlighted that the TFETs are the most
suitable candidate to replace CMOS for low power low voltage applications. Lot of circuit level
solutions for TFETS is presented in the last few years. Most of them were developed using
Verilog-A based lookup table approach, in which Ip-Vgs-Vps and C-Vgs-Vps characteristics of
the device are captured using TCAD simulations. Then the circuit simulations are performed
using Cadence and HSPICE platform [75], [76]. This is because of the fact that in the mixed-
mode, the device-circuit simulation takes a lot of processing time in TCAD environment. The
main downside of this approach is that the current-voltage characteristics of the p-TFETSs are

taken as a mirror image of n-TFETSs. Nevertheless, this method is still widely adopted due to
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the unavailability of SPICE level models of [67], [77], [78]. The gate capacitance of TFET and
its impact on the transient behavior of the inverter were discussed [79], and a large overshoot in
the output of an inverter was observed due to Miller capacitance (gate-drain capacitance Cqq) of
TFETSs. Further, the gate-source capacitance (Cgs) Was found to be negligible due to the tunnel
barrier at the source-channel junction.

TFET based inverter consumes ~10* times less static power than that of a 65 nm low
performance CMOS technology node [80]. It is reported [54] that HTFET based ring oscillator
shows 9-19 times dynamic power reduction when compared to 45 nm CMOS technology [81].
Esseni et al. presented a comprehensive comparison between TFET and MOSFET for ultra-low
power applications for Vpp < 0.5V [77], [82]-[84]. Although, n- and p-type MOSFETS exhibit
equal lorr, however, n- and p-type TFETs do not show such behavior. Therefore, the work
functions are tuned to achieve equal lorr. Besides, the extensive research suggests that H1-V
TFETSs are prominent than FINFET for low power digital design [85].

TFETSs exhibit higher value of the intrinsic gain than MOSFET [39]. This happens as the
output resistance is high owing to a near perfect saturation in the output characteristics.
Although, the gain bandwidth product of MOSFET is better than TFET, due to the severe
Miller effect in TFET device. The ultra-low-power sensors have wide applications in areas such
as healthcare devices, environmental monitoring devices etc. [86], [87]. Differential amplifiers
and current mirrors using TFET are also compared with FInNFET [86]-[89]. It was emphasized
that 111-V semiconductors based TFETs are more promising for energy harvesting applications.
A less temperature sensitive pre-amplifier stage wusing TFET based operational
transconductance amplifier (OTA) was successfully demonstrated [90], [91].

Sedighi et al. [92] presented analog design aspects of TFET based circuits. It was
demonstrated that 14 nm 111-V hetero-junction TFET based OTA shows 5x reduction in the
power dissipation when compared with the FINFET of the same dimension. Furthermore,
analog performance as a function of temperature and source compositions (Si;xGey) is also
studied experimentally. It has been shown that the drive current increases with increasing
Germanium content, however, the noise level degrades and hence the devices with Silicon
source are still favorable for application where minimum 1/f noise is required [102], [94].
Recently, TFET for energy efficient computing is benchmarked for the analog [104], [105] and
digital [97], [98] circuits.
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2.5

Technical Gaps

It is observed that the TFET devices have emerged as a very promising candidate for

beyond CMOS technologies. In light of the extensive literature survey, this thesis work

explains the drain current saturation in both the point and line TFETs and extraction method of

Vpsar Is also presented for the same. The prediction of Vpsar under the variation of device

design parameter is challenging for the analog designers in order to bias the circuit properly. In

addition, the body bias modulates the tunneling generation in L-TFETS, hence it is necessary to

model this phenomenon. After the sufficient literature survey, the following technical gaps

emerged:

R/
L X4

Several analog circuit applications have been presented using TFETs for energy
efficient computing [39], [92], [95], [96], their biasing strategies have not been
discussed. It is well known that the drain current saturation voltage (Vpsart) for TFET
plays an important role in biasing the analog circuits. Vpsat extraction method based on
physics is yet to be explored, to determine the suitable bias range for the analog circuits,
as the existing methods are either not consistent with device physics or arbitrary in
nature [40], [92]. We propose a model to extract Vpsar for both the point and line
TFETSs, which is also validated against the experimentally measured data. Thereafter,
we will demonstrate the utility of this analysis for analog circuit design.

Impact of device design parameters on the analog and digital performance of the device
has been reported by some research groups. These parameters include the optimization
of the gate length, film thickness, spacers, source/drain doping, and lateral straggle
parameters [95], [96], [99], [100]. But, a systematic guideline has not been presented so
far for the circuit designers. It would be imperative to study the impact of variation in
the device design parameters on Vpsat of TFET and analog circuits. Further, the analog
circuit performance of the epitaxial layer based line TFETs has not been systematically
discussed. We first time propose device design guidelines for obtaining optimum
device/circuit performance.

The impact of body biasing on the performance of epitaxial layer based L-TFET is not
reported in the existing literature. It has been stated that the body bias will modulate the
drive capability of the point TFET to a certain extent due to an increase in the junction
electric field only [57], [58]. However, the role of occupancy functions and hence the

available states for tunneling were not reported in the modulation of drive current with
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body bias. The value of body bias (Vgsat) at which drain currents attains a maximum is
also required to be calculated for presenting circuit design guideline. The device design
parameters may also affect the value of Vgsar, Which also need to be addressed. We
address all these aspects and propose a mathematical model to determine Vgsar.

« Few researchers have reported that the drain current increases sub-linearly with
increasing the gate-source overlap length [30], [35], [59]. However, analytical models
suggest that Ip-Loy characteristics exhibit a linearly increasing trend [61]. We
investigate the physics behind this phenomenon. The gate-source overlap length is
supposed to be an important design parameter for amplifier design. It increases the drive
current without significantly changing the gate capacitances. On contrary to this, an
increase in the device width results in significant increase in the terminal capacitances.
A mathematical model to predict the change in analog parameters with change in device
design parameter is not presented till date. This issue is also addressed by proposing a
semi-empirical small signal model based on the electrostatics of the gate-source

overlap.

In this thesis, we will address the above mentioned technical gaps.
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Chapter 3
Vpsat Extraction Method for Tunnel FETS

and its Implication to Analog Design

This chapter investigates for the first time, a method to extract the saturation drain voltage
for TFETS. The saturation in output characteristics of a TFET is found to take place when the
difference in conduction band energy (4Ec) of the channel (Ecc) and drain (Ecp) is a few KgT.
As the drain voltage (Vps) increases, it is found that the device initially enters in a soft
saturation state and subsequently into deep saturation. For any given value of gate voltage
(Ves), the onset of soft and deep saturation happens for a constant difference in Vgs and Vps.
We propose a novel method to extract this voltage difference Vgp, which is explained using a
phenomenological approach. We have also validated our results with published experimental
data. It is found that, the output resistance (r,), transconductance (gr) and intrinsic gain (gmxr,)
increase when the device enters in a soft saturation and attains a maximum value in deep
saturation regime. Furthermore, a common source amplifier biased in soft saturation is also
demonstrated to have a comparable voltage gain and bandwidth to the one biased in deep

saturation.

3.1 Introduction

Tunnel FETs have recently been gaining interest for analog and RF circuits due to their low
operating voltage and high output resistance [91], [92], [101], [102], [103]. Few experimental
demonstrations of the improved circuit performance using TFETs and several simulation based
studies have also been conducted to demonstrate the analog performance of TFET at device
levels[93], [95], [104]. It is well known that the saturation in output characteristics is a key
factor in analog circuit design. Although, the drain current saturation mechanism of double gate
TFETSs has been discussed in [39], [38], [40], a technique to extract the saturation drain voltage

Vpsat has been ambiguously presented. The definitions of Vpsar presented in [51], [100], [128],
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[105] are either not consistent for a wide range of bias voltages, or are not readily usable from
the perspective of analog circuit design.

Therefore, this chapter, while addressing the problem raised above, proposes for the first
time, a new method to extract the onset of saturation in the lateral tunneling based TFET
devices. For this study, we consider SiGe/Si hetero-junction NWTFET as a target device. This
ultimately enables the circuit designer to estimate the suitable terminal bias voltages for analog
design. We divide the saturation regime into two sub-regimes: “Soft” saturation and “Deep”
saturation. In soft saturation regime, transistor level analog parameters are reasonably good,
whereas, in the deep saturation regime, these parameters settle at their best values. We discuss
the physical origin of these two sub-regimes and thereafter methods to extract the values of
Vpsar for both of these sub-regimes. We have shown that the presented Vpsat models exhibits
linear relationships between Vpsar and Vgs and are quite useful for analog circuit design in
estimating the onset of saturation. The validation of the obtained results is done with the help of
Sentaurus 3-D TCAD simulations and with experimentally measured characteristics published
in [19].

3.2 Device Structure and Simulation Framework

Our self-consistent numerical simulations have been performed by using Synopsys
Sentaurus TCAD [106]. Fig. 3.1(a) shows 3-D view and 2-D schematic of the simulated
nanowire device having a diameter of 25 nm and a channel length of 50 nm. An interfacial
layer of 1 nm SiO, along with 3 nm HfO; is used as gate dielectric and the Sip5Gegs material is
used as a source, as in [93]. High-«k gate dielectric is used to enhance the electrostatic integrity
of the device. The doping concentration of source (p-type), drain (n-type) and channel (p-type)
is kept at 10%°, 5x10"® and 10'® cm, respectively.

The simulation setup is well calibrated with [107] and includes non-local band-to-band
tunneling, bandgap narrowing, mobility models, SRH recombination, and the Fermi-Dirac
statistics, as shown in the inset of Fig. 3.1(a). The nonlocal band-to-band tunneling model is
activated across all the semiconductor regions to emulate the tunneling phenomenon. This
model uses Wentzel-Kramer-Brillouin (WKB) approximation along with two band dispersion
model to capture tunneling across all possible junctions and interfaces. For further reading, the
details of this model can be obtained from the Sentaurus SDevice user manual [106] of

Synopsys Inc.
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Figure 3.1: (a) 3-D view and 2-D schematic of the target device and its simulated energy band
diagram for Vgs=1V and Vpgvarying from 0-1.6 V. AEc is the difference between conduction
band energy of channel (Ecc) and drain (Ecp) and AE 4 is the difference between valence band
energy of source (Evs) and Ecc. (Evs, Ecc, and Ecp are measured 1 nm below the oxide-
semiconductor interface at points X1, X, Xs respectively along the line AA/). Inset shows
calibration of Ip-Vgs characteristics with [107]. Inset shows the calibration of models.
Variation in (b) Ecc, (¢) 4Ec and AE4 (d) electron density (charge distribution) with Vps.
Please note that, the value of AEc may vary along the lateral distance of the device and also
depends upon source/drain doping along with the device structure, but the underlying physics
remains same.

23



A fine nonlocal mesh is also defined for the same. This approach calculates the local wave
numbers, and then the tunneling probability is calculated using WKB approximation. Trap-
assisted-tunneling (TAT) has been reported as critical modeling parameter in TFET simulation.
The effect of TAT is captured by SRH recombination model along with field enhanced Schenk
TAT model.

Further, Philips unified mobility and bandgap narrowing models take care of the doping
dependence. The bandgap narrowing models and Fermi distributions are also used to capture
carrier action in the device under consideration. The calibrated values of the barrier tunneling
model parameters with and without quantum corrections (QC) are borrowed from [34], as it
results in a shifting of the onset voltage for tunneling [49], [134]. The impact of non-ideal
effects such as gate leakage and strain are ignored in this Chapter, as in [127]. We have not
incorporated the influence of contact resistance external to the device (due to metal contacts) in

our study, as the source and drain doping is sufficiently high.

3.3 Proposed Vpsat Extraction Technique

In this section, the proposed technique to extract Vpsar and its relation with terminal bias
voltages of the device is qualitatively discussed, with the example of an n-type hetero-junction
NWTFET. It may be noted that the results discussed here also hold good for other TFET
structures such as a single/double gate, homo-junctions, gate underlap etc. Before proceeding
further, we define AEc=Ecc - Ecp and AE4 = Evs - Ecc, where Ecc, Ecp, and Eys are as
depicted in Fig. 3.1(a).The output current saturation in TFET is discussed with new physical

insights in the subsequent subsections.

3.3.1 Definition of Soft and Deep Saturation in Tunnel FET

Fig. 3.1(c) shows a plot of the conduction band energy difference AEc as a function of Vps.
It is discussed later, that the analog parameters are a strong function of AEc For a given value
of Vs, with Vps increasing, initially the energy bands Ecc and Ecp remain aligned and the drain
current (Ip) keeps on increasing, as shown in Fig. 3.1(a) and 3.2(a). When the value of Vps
reaches to Vjs,r (Vpsar for the onset of soft saturation), a misalignment of Ecc and Ecp (4Ec =
KgT, where KgT is thermal energy) occurs as shown in Fig. 3.1(c), and thereby Ip begins to

saturate as shown in Fig. 3.2(a); this is the condition for soft saturation (Vgs - Vigar =
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Constant). This is because, initially the value of Ecc decreases with an increase in the drain
voltage, as shown in Fig. 3.1(b), which is consistent with [51]. After the onset of soft saturation,
when Vps increases beyond Vig,r for a given value of Vgs, the channel charge begins to
decrease as the drain starts to sweep the channel charges [Fig. 3.1(d)]. Once the channel charge
is very close to the value of channel doping, any further increase in Vps does not significantly
alter the channel charge (hence channel potential %%), resulting in an increase in AEc as shown
in Fig. 3.1(c). This eventually results in a weak dependence of AE4 on Vps, thereby, R, and
gm*R, increase beyond Vjs,r [Fig. 3.2(b)]. Incidentally, the value of Vgs for which the channel
charge is very close to the value of channel doping, is also the threshold voltage of the gate-
channel-drain MOS system of NWTFET.

As Vps increases to Vi, and beyond (hence there is an increase in AEc), most of the
channel charges are swept out by the drain terminal. Here, V5 47 is the value of drain voltage at
the onset of deep saturation condition. For Vps = Vi 47, results in an almost flat band condition
in the channel (therefore, Vgs = Vps). Since Vgs is kept constant, and the channel charge drops
below the channel doping value [Fig. 3.1(d)], therefore, the channel potential (%#%) remains
constant for any further increase in Vps. Thus, only the value of Ecp decreases and Ecc remains
almost pinned to a value as shown in Fig. 3.1(b). This results Ip to attain a maximum value and
remaining invariant to any further increase in Vps. This is the condition for deep saturation
(4AEc = 3KgT and Vgs- VﬁSAT: 0). For Vps <Vjsar, Ecc and Ecp remains aligned, and height of
the tunneling window (AE g)gets affected by drain bias unlike the situation when Vps >V,
and AE 4 is no more affected due to Ecc getting pinned to a constant value, as confirmed in Fig.
3.1(a) and (c). Furthermore, it is to be noted that the value of AE is affected by Vps before the
onset of soft saturation, because the drain can thermally inject carriers into the channel.

Please note that AEq becomes almost independent of Vps after the onset of deep saturation.
Therefore, a perfect saturation is observed in NWTFET, and the values of r, and gnXr, attain a
maximum beyond V., [Fig. 3.2(b)], which is also consistent with the reported results in
[40],[39] for other TFET structures. It is noteworthy to mention here that for sub-20 nm
channel length TFETS, the impact of drain-induced barrier thinning (DIBT) is significant [108],
and hence the value of Ecc is not pinned, rather it gradually decreases with an increase in Vps
beyond Vi .r. It is observed from our TCAD simulations that the impact of DIBT does not
affect the value of V32, This is because the depletion in channel charge is a strong function of
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small changes in Ecc only. The degraded saturation, however, results in a reduced value of r,

and gmXr, at sub—20 nm channel lengths.
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Figure 3.2: Variation in (a) drain current (b) output resistance and intrinsic gain (c) gate
capacitance (d) output conductance with Vps. The extracted values of soft and deep saturation
voltages for measured characteristics of hetero-junction NWTFET are marked with empty and

filled circles respectively.

3.3.2 A Novel Technique to Extract Vpsat

The above discussion reveals that the voltage differences Vgs- Vgﬁm remain constant with
Vgs for both the soft and deep saturation conditions (as determined by AEc and AEy). The

values of Vpsar from previous works [40], [92], [105] are not consistent with Ip-Vps
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characteristics, as can be seen from Table 3.1 and Fig. 3.2(a). The methods of extraction of

Vpsat in [40], [92], [105] are empirical and need to be repeated for each value of Vgs. B.

Rajamohan et al. [40] stated that Vpsar can be defined as the drain bias where I attains 95% of

its maximum value. The contribution of drain threshold voltage due to a super linear onset in

the output characteristics of TFET was considered in the calculation in the Vpsat [92]. The

method proposed in [105] is valid for the small geometry MOSFETs only. Though [51] also

proposes a constant value of Vgp at the onset of saturation, its method of extraction of Vpsar is

empirical and lacks in physical explanation.
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Figure 3.3: (a) Extraction of V%% from CgsVgs curve for Vps = 0 V. Inset shows V05

for

different NWTFET diameters. Validation of the proposed method with the (b) Numerical TCAD

simulations and experimentally measured (c) C—Vgs (d) Ip—Vps curve of a p-type device show a

good match between the proposed and the experimental data.
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As discussed in the previous sub-section, the constant voltage difference Vs, is actually the
threshold voltage of the gate-channel-drain MOS system in the NWTFET. In order to extract
the accurate value of drain voltage (Vjs,r) at the onset of soft saturation, a fundamental
phenomenological explanation (¥ + Vox = Vgs) of the threshold voltage for the MOS system
[110] is used, where Vox is the drop across oxide. It states that ¥§ and Vox are the specific
fractions of Vs when strong inversion is reached in the channel. The first derivative of the term

¥ + Vox = Vs With respect to the applied gate bias is always unity.

The term % dominates in the relation ZV%%KZ’; =1, after the attainment of strong
inversion. This directly translates into the fact that the TFET gate-drain capacitance (Cqq) can
be expressed as a specific fraction of the oxide capacitance (Cox) When the strong inversion is
reached in the channel of TFET. We have found that the gate bias for which strong inversion is
attained (V/°%) in the channel of a TFET, can be extracted from Cq4—Vas characteristics at zero
drain bias, as shown in Fig. 3.3(a).

We also observe that the constant voltage difference V), is equal to the value of Vgs, when
Cqa becomes half of Coyx. This is also the threshold voltage MOS system (V%) [Fig. 3.3(a)].
Therefore, V¢, is found to be equal to V%5 V&, =Vas - Visar. Furthermore, deep saturation
condition in the target device is attained when Vps becomes equal to Vgs, and hence the
constant voltage difference VS, remains always zero [Table 3.1]. It may be noted here that
Cqu is always a dominating component of total gate capacitance in lateral tunneling based
TFETSs [39], [51].

Table 3.1 verifies the aforesaid observations that Vpsar varies linearly with Vgs. Further, the
voltage difference Vgp always remains constant with Vgs at the onset of both soft and deep
saturation regimes [Fig. 3(b)]. Therefore, our method is readily usable for biasing an analog
circuit using TFETS, as discussed later in Section 3.5. The proposed -method for calculating
Vpsat for a TFET in this study is also consistent for other nanowire diameters [Fig. 3.3(a)-(b)]
and homo-junction TFETs. The close agreement of our modeled data with numerically
simulated TCAD results [Fig. 3.3(b)], assures the accuracy of our Vpsar extraction method.

For completeness of work, our results are also validated against the experimentally
measured characteristics of a p-type Geg.gssSnp.os2 TFET [19], as shown in Fig. 3.3(c)-(d). It is
found that our method accurately calculates the values of Vpsar for the set of measured data, as

depicted in Fig. 3.3(d). Please note that the model and the definitions of soft/deep saturation
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advanced in this chapter are general in nature. As discussed in the next section, if the drain
(source) doping is increased, the soft saturation voltage increases (negligibly decreases) for the
TFET device. Further, an increase in the gate-drain underlap also reduces the Vpsar values. The
doping and gate underlap dependence of Vpsar is due to the modulation of channel charge.

TABLE 3.1
COMPARISON OF THE PROPOSED TECHNIQUE WITH REF. [92], [40] AND [105]
Ref.[92] Ref. [40] Ref. [105] Soft Sat. Deep Sat.
Vas (V)
Vpsat(Veb) Vbsat(Vep) Vpsat(Vep) Vbsat(Vep) Vpsat(Vep)
0.5 0.45(0.05) 0.364(0.136) 0.38 (0.12) 0.396(0.104) 0.50(0)
0.75 | 0.82(-0.07) | 0.568(0.182) 0.50 (0.25) 0.646(0.104) 0.75(0)
1.0 1.2(-0.2) 0.716(0.282) 0.75 (0.25) 0.896(0.104) 1.00(0)
15 1.7(-0.2) 1.123(0.377) 1.125(0.375) 1.376(0.104) 1.50(0)

3.4 Impact of device design parameters on Vpsat

After having discussed physics based understanding of the output current saturation in
TFETS, this section elaborates the impact of various device design parameter on Vpsar. These
parameters include channel length, gate-drain underlap, nanowire diameter, and source/drain
doping. This study is important from the perspective of TFET based circuit design, as the

saturation voltages may change with the device design parameters.

3.4.1 Impact of short channel length on Vpsat

The drive currents in TFETs are almost independent of the channel lengths. At extremely
short channel lengths (sub-20 nm), the drain-induced barrier thinning (DIBT) is more
pronounced in TFETS. It degrades the saturation in the output characteristics [108]. The physics
behind this phenomenon is similar to DIBL in MOSFETSs and resulting due to the influence of
the Vps on the source-channel tunnel junction. Therefore, at sub-20 nm channel length, an
increase in Vps results in a very gradual decrease in the conduction band energy of channel
(Ecc) beyond its deep saturation point (V4 = Vgs). The value of Ecc does not effectively
pin to a specific value, as shown in Fig. 3.4(a). Furthermore, the height of tunneling window is

also affected by drain bias beyond deep saturation.
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Figure 3.4: Energy band for SiGe/Si hetero-junction Nanowire Tunnel FET (a) 50 nm channel
length (b) 20 nm channel length. It is shown that Ecc decreases gradually with increase in Vps
even after deep saturation condition for short channel TFETS. (c) Imperfect saturation results in

short channel TFETSs due to pronounced effect of DIBT.

However, as with the long channel TFETS, in short channel TFETS too, AEc becomes non-
zero at the onset of saturation and increases for further increase in Vps. However, DIBT does
not affect the value of Vpsar; rather this phenomenon is impacted only by the relative change in
the channel’s potential and hence it is similar for the long as well as short channel lengths. In
addition, for the shorter channel TFETS, the saturation in output characteristics is worsened
[Fig. 3.4(c)], thereby the output resistance and intrinsic gain also degrades. It may be noted that
short channel (sub-20 nm) TFETs are suitable for digital applications, while long channel
TFETSs are most suitable for the analog design due to the reduced impact of DIBT, therefore the

benefits in terms of output resistance and intrinsic gain can be fully exploited.

3.4.2 Impact of gate-drain underlap on Vpsar
The gate-drain underlap [Fig. 2.1 (a)] is a promising technique to suppress the ambipolar
behavior in TFETs [111], [112] due to a reduction in the drain side tunneling. However, Cyq is

reduced when a gate-drain underlap is used, therefore, the value of V//05

increases from 104
mV to 187 mV (as measured from our method). This happens as the electrostatic control of the
gate becomes weaker over the underlap portion of the channel, thus, a higher gate bias is
required to achieve the strong inversion in the channel. Further, the onset of soft saturation
happens in advance (Vjg,r = 0.813 V), when compared to Visr (0.9 V) without gate-drain
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underlap. The value of Vpsar in the deep saturation is still equal to the gate bias due to the

reasons explained in the last section.

3.4.3 Impact of source/drain doping on Vpsat

The source doping is one of the key device design parameters in TFETSs. The validity of our
proposed method for Vpsar extraction against the variation in source/drain doping is also
studied. Three different devices Dy, D, and D3 with p-type source (n-type drain) doping values
of 10%° (5x10%), 4x10?° (5x10*®) and 10%° (10%°) respectively are considered. Please note that
all other parameters are kept same as explained in Section 3.2, other than the doping values. A
high source doping results in a source degeneracy and an increase in the junction electric field
[113], [114], which eventually increases the drain current. It is interesting to note that the value
of V3s,r is not much affected by changing the source doping, as V%5 of TFET is independent

of the source doping [Fig 3.5(a)]. However, it increases the drive capability of the device.
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Figure 3.5: (a) Variation in gate-drain capacitance with Vgs for Vps = OV. The dotted line
shows the extracted values of VMOS for device D1, D2 and D3. (b) Ip-Vps characteristics show

the value of soft and deep Vpsar.

Unlike the higher source doping, a higher drain doping results in Ip remaining essentially
unchanged because the tunneling current remains almost unaffected [40]. However, V3sar

increases (or VY195 reduces) as more inversion carriers diffuse from the drain to channel [Fig.
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3.5(b)]. As explained above, a delayed saturation happens due to the decrease in V5 when
drain doping is increased. Further, there is no change in Vg, since it is caused by the

attainment of a flatband condition in the gate-channel-drain MOS system [Section 3.3].

3.4.4 Impact of nanowire diameter on VpsaT

As the diameter of the nanowire is reduced, the electrostatic control of the gate over the
channel is enhanced. This is due to the penetration of vertical electric field into the channel.
Further, the gate voltage required for the strong inversion in the channel of the nanowire is also
reduced for small nanowire diameter. In turn, this increases the onset of the soft saturation in
TFETSs. This is because a higher Vps is required to deplete the channel charge for a given Vgs.
Hence, the pinning of Ecc in 20 nm diameter occurs at the higher Vps than 25 nm diameter. As
a consequence, the value of AEc remains low for the smaller nanowire diameter. This also
causes a delay in the output current saturation in TFETS. The deep saturation is always defined
as flat band voltage when Vps = Vgs and Vgp = 0. The early onset of soft saturation is always
desirable from the analog design point of view, as discussed in Section 3.5. Table 3.2 discloses
the important conclusions about the variation in nanowire diameter on the output current

saturation.
TABLE 3.2

EXTRACTED VALUE OF V%S AND V341 AT Vs = 0.5V FOR NWTFET

NW Si Source SigsGeg s Source
Diameter | VH25 (V) | Visar (V) | VEOS (V) | Visar (V)
25 nm 0.111 0.389 0.104 0.396
20 nm 0.108 0.392 0.100 0.400
16 nm 0.100 0.400 0.89 0.411

3.4.5 Impact of hetero/homo-junctions on Vpgsat

The source material engineering is one of the prominent design parameter in TFETSs based
circuit design. Please note that Silicon homo-junction based devices suffer from the low drive
currents. From last few couples of year, SiGe, Ge, and GeSn based group IV material are
widely exploited as source material apart from group I11-V based materials. In this study, only

the source material is changed from SigsGegs to Si. We observe that the homo-junction based
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TFET saturates relatively in advance than the SiGe-Si hetero-junction. The strong inversion in
the channel of homo-junction TFETs occur at relatively higher gate voltage than the hetero-
junction TFETSs. This is due to fact that there is an abrupt decrease in the bandgap of SiGe-Si
based hetero-junction. Furthermore, there is a prominent effect of direct and indirect BTBT in
Germanium based devices [43]. Nevertheless, the value of drive current always increases with

increasing Germanium content in the source due to the favorable energy bands for tunneling.

3.5 Implications of Proposed Vpsat Extraction Technique to the

Analog Circuit Design

This section investigates suitable bias conditions to design an active load Common Source
(CS) amplifier, based on our proposed method, using 3D-TCAD mixed-made simulations. As it
is shown in Fig. 3.2 (b)-(c), that gmxr, (Cga) increases (decreases) in soft saturation regimes and
attains a maximum (minimum) value beyond deep saturation voltage. When Vps > Vi .r (AEc
> 3KgT), Ecc remains pinned while Ecp keeps on moving down, resulting in an increase in the
drain channel barrier. This causes gmxr, (Cyq) to attain a maximum (minimum) value in deep
saturation [Fig. 3.2].

We now discuss the importance of the above observations on the biasing of a CS amplifier
[inset of Fig. 3.6(b)]. The device structure and doping profiles for the p-device is kept same as
that of the n-device except that an opposite doping is used for different regions of the p-device.
The drive currents of both the n and p-type devices are adjusted to be equal by tuning the work
function of the gate metal. Fig. 3.6(a) shows the voltage transfer characteristics (VTC) for
different value of the gate bias of p-type load transistor (Vpias). The boundaries for the onset of
the soft and deep saturation regimes are determined from the Vpsar extraction method discussed
in the Section 3.3.

The value of maximum voltage gain (Ay) increases with an increasing value of Vpiss. This
happens as both the transistors are operating in the saturation regimes for a wider range of the
output voltage. Thus, the r, of the load transistor increases with increasing value of Vpjas. It is
evident [Fig 3.6(a)] that the gain can be maximized through an appropriate selection of bias
voltages which would ensure that both the transistors operate in deep/soft saturation regime
simultaneously. Therefore, an estimation of Vg, is important from the point of view of

amplifier biasing.
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Figure 3.6: (a) VTC for different values of Vpiss. Shaded areas on VTC show the boundaries for
the soft and deep saturation regimes for n (p) device. The value of maximum voltage gain
corresponding to each VTC is also shown. (b) The frequency response of a CS amplifier for a
fixed Vipias (0.4 V), and the value of C_is selected as 5x10™" F. Inset shows schematic of

Common Source amplifier.

Finally, the frequency response of a common source amplifier is plotted in Fig. 3.6(b). It is
clearly shown that the maximum value of voltage gain is achieved when both the devices are
either in soft or deep saturation regimes and hence their output resistance is maximized. The
common source amplifier offers a maximum Ay of 23.62 dB when n (p) device is biased in the
deep (soft) saturation regime, whereas the almost similar value of the maximum voltage gain
(22.74 dB) is obtained when both the devices are biased in soft saturation regimes. In contrast
to this, the value of maximum voltage gain (14.9 dB) reduces significantly when the p-device is
biased in the linear regime (hence the output resistance decreases), as evident from Fig. 3.6 (b).

Moreover, it is interesting to note that the bandwidth of the common source amplifier
remains almost same (~2x10® Hz) when both the devices are biased either in the soft or deep
saturation regimes because the Cyq attains a minimum and r, attains a maximum value.
Therefore, both the gain and bandwidth are optimized in the soft saturation regime. It may be
noted that the common source amplifier offers a higher bandwidth (~6x10® Hz) [Fig. 3.6(b)]
when the p-type load is biased in the linear region, where it exhibits a lower value of R, and
higher value of Cyq.
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3.6 Conclusion

We have proposed a novel Vpsar extraction method to estimate the onset of soft and deep
saturation voltages for the lateral tunneling based hetero/homo-junction TFETs. The proposed
method is further validated through the numerical 3D-TCAD simulations and experimental
data. It is found that Vgp remains constant in both the soft and deep saturation regimes.
Furthermore, a detailed investigation regarding the influence of AEc on the analog performance
of the device is performed with an in-depth explanation of the inherent physical mechanisms.
The total gate capacitance remains at a minimum in the soft/deep saturation and hence a high
bandwidth is expected for the amplifier. The impact of various device design parameters on
Vpsar 1S-also examined. The design space for a common source amplifier reveals that the
amplifier exhibits acceptable values of the voltage gain and bandwidth in the soft saturation
regimes like the one observed in deep saturation regime. The physics discussed here is focused
on general trends and is useful for developing a future analytical model for the analog circuit
design using TFETS.
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Chapter 4
Drain Current Saturation in Line Tunneling

based TFETSs: an Analog Design Perspective

In the previous chapter, an extraction method of Vpsat was discussed for the point tunneling
devices. This chapter highlights the output current saturation in a line tunneling based Tunnel
FET (L-TFET). Thereafter, a novel method to extract the onset of saturation voltage (Vpsat) for
L-TFET is proposed for the first time. A soft saturation state is attained when the electron
density in the epitaxial layer over the source (EoS) region saturates with the drain bias (Vps)
and the conduction band energy (Ec) gets pinned. In addition, at the onset of deep saturation,
the electron density in the epitaxial layer over the channel (EoC) region drops below its doping
level and Ec becomes invariant for any further increase in Vps. The difference between gate-
drain biases (Vgp) is found to be a constant at the onset of saturation and remains independent
of the gate-source overlap lengths (Lov). A shift in Vpsar and Vgp is also observed with a
change in the thickness and doping of the epitaxial layer. The transconductance and output
resistance are reasonably good in the soft saturation regime. Furthermore, a nominal change of
~ 5% in the voltage gain (Ay) of a Common Source (CS) amplifier is observed when the n-

device is either biased in soft or deep saturation regime, without any trade-off in the bandwidth.

4.1 Introduction

The journey of Tunnel FET for improving the drive current and the subthreshold swing has
led to the proposal of many novel device architectures [115]. An optimization of the device
structure and the source/channel material are strongly being pursued. The line tunneling
structures with the gate overlapping the low band gap source, are notably one of the best
candidate in this regard [116], [117]. The term line tunneling is also rephrased by researchers as
vertical tunneling or area scaled tunneling [118], [119] whereby, the band-to-band tunneling

(BTBT) takes place by the gate normal electric field. Therefore, the effective cross-section area
37



for BTBT is increased. In spite of the high oN-state current (Ion) and small subthreshold swing
(SS), the gate overlapping the source structures suffer from the delayed onset of tunneling [32],
[124]. Thus, a higher gate bias (Vgs) is required to initiate the tunneling process within the
source region. Recently, epitaxial layer and counter doped source pocket L-TFETS are being
explored [30], [32], [35], [124]-[127]. These enable tunneling at low Vgs and are more suitable
for low power / low voltage applications.

Further, it has been established as a fact that the doping (nep;) and thickness (tgp) of the
epitaxial layer/source pocket are vital parameters in the line tunneling for low voltages
operation (Vpp < 0.5). The impact of quantum confinement and interface traps on the line
tunneling are also reported in some studies [124]-[126]. TFETs for the analog applications are
also being investigated by the research community for last few years [98], [109]. Although the
drain current saturation in point tunneling based TFETSs has been discussed [68], [114], [115],
[131], [132]. However,. those explanations cannot be applied to L-TFET, by virtue of its
different tunneling mechanism and gate capacitances, as discussed in subsequent sections.
Therefore, The saturation of drain current (Ip) with Vps for L-TFETs and the performance of
analog parameters in the saturation regime, are yet to be discussed systematically.

This chapter, while addressing the problem discussed above, investigates the physics
behind the onset of saturation in the line tunneling based TFET structures. In addition, we also
propose a novel method to extract the saturation drain voltage (Vpsat) for L-TFETS. The output
current saturation in L-TFET is attributed by the saturation of electron density in the epitaxial
region under the gate with increasing value of Vps as discussed later in detail. Therefore, in the
L-TFETSs, the carrier action at the gate overlapped source region is fairly important. Moreover,
this work is also intended towards the impact of Vps on analog matrices like the
transconductance (gm), output resistance (ro), intrinsic gain, and gate capacitances (Cqd, Cys).
Besides, this work also quantifies the analog device/circuit performance and presents
optimization guidelines for L-TFETS, by considering the impact of device design parameters.
The significance of our Vpsar formulae for the soft/deep saturation regimes, and the improved
circuit performance while using these, are also discussed. The voltage gain of an amplifier,
when the L-TFET is biased in the soft saturation regime, is merely 5% smaller than that in the
deep saturation regime, while the bandwidth (BW) is almost unaffected. The design of L-TFET
amplifiers biased in soft saturation regime and thus increasing the signal swings is also enabled
through this work.
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This chapter is organized as follows. In Section 4.2, the device structure, simulation
framework, and calibration approach are presented. The physics of saturation in L-TFETSs along
with Vpsat extraction is explained in Section 4.3. The impact of variation in the device design
parameters on the saturation is discussed in Section 4.4. The device design guidelines and
design space for a CS Amplifier are presented in Section 4.5. Section 4.6 discloses the impact
of device design parameters on the device/circuit analog performance, followed by the

conclusion in Section 4.7.

4.2 Device Structure and Simulation Framework

The device structure under consideration [Fig. 4.1(a)] is based on.a recent and improvised
Si/SiGe based hetero-junction [27]. It consists of a 3 nm epitaxial layer thickness (tgp)) of
Silicon over the source and channel. The source material is chosen as SixGes.x to obtain a high
drive current as per ITRS norms [117]. The germanium content is kept at 50% to assure a
defect free source region [28]. A high-x metal gate stack with a dielectric layer of 3 nm HfOis
selected for better electrostatic control of the gate over the tunnel junctions. The work function
of gate electrode is tuned to 4.15 eV [27]. The length of the channel (Lc) and epitaxial layer is
20 nm and 40 nm, respectively. The gate-source overlap length (Lov) of 20 nm is considered in
this Chapter to enable line tunneling between the source and epitaxial regions. The doping
concentration of source (p-type), drain (n-type), channel (p-type) and epitaxial layer (n-type) is
kept at 2x10%°, 5x10%°, 10™ cm™ and 2x10"® respectively, unless otherwise stated. Our self-
consistent numerical simulations are performed using Sentaurus TCAD tool. The details of

various physical models and their description are same, as mentioned in the Chapter 3.

4.3 Insights of the OQutput Current Saturation and Proposed
Vpsat Extraction Method

This section explains the physics behind the output current saturation in n-type L-TFETS.
Thereafter, a method to extract the Vpsar for L-TFET is proposed for the first time. The
saturation in output characteristics is governed by the electrostatics of two distinct regions in
the device. First is the epitaxial layer over the heavily doped p-type source (EoS) and the other
is epitaxial layer over the intrinsic channel (EoC). The physics discussed here also holds for the
p-type L-TFET and the other line tunneling based TFET structures. Please note that the values
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of band energies, surface potential, and electron density may vary with the position of X3, X, and

X3, but the underlying physics remains the same.
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Figure 4.1: (a) 3-D view and 2-D schematic of the target device. (b) Lateral energy bands
across the line AB. (c) Vertical energy bands across the EoS region show the tunneling at
point x;. The points xi, X, and x3 are kept at 1 nm below the oxide-semiconductor interface
along the line AB as depicted by dotted lines.

4.3.1 Output current saturation mechanism

The output characteristics for the target device are shown for different gate biases [Fig.
4.2(a)]. It is evident from Fig. 4.2(a) that a near perfect saturation is observed in the device. The
output current saturation depends upon the variation of Ec (and hence ¥s) with Vps. For a
given value of Vgs, when Vps increases, initially the electron density decreases in the EoS

region (point x; [Fig. 4.1(a)]). After certain Vps, this becomes independent of any further
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increase in Vps, as shown in Fig. 4.2(b). This voltage is called the soft saturation voltage
(Vjsar)- This happens because Ec of the EoS region gets pinned to a specific value with
increasing Vps, beyond the soft saturation voltage [Fig. 4.1(b)-(c)]. This pinning is because of
an almost complete depletion of the EoS region, resulting from a reverse bias at the EoS
junction (np*-junction). Thus, ¥ also gets pinned, as shown in Fig. 4.2(c). Moreover, the
tunneling distance starts to saturate and becomes almost independent of any further increase in
Vps, as depicted in Fig. 4.2(d). Consequently, the difference between the gate and drain bias at

the onset of soft saturation (V) corresponds to a constant value, as discussed later.
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Figure 4.2: (a) Ip-Vps characteristics showing near perfect saturation in L-TFETSs. Soft and
deep saturation voltages are marked for different Vgs (b) Electron density and (c) Surface
potential in the epitaxial region at points x; and X,. (d) Tunneling distance is extracted from

TCAD simulations, and measured between the junction formed by source and epitaxial layer.
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It is worthy to mention here, that the soft saturation condition in the device depends upon
the carrier action in the EoS region. In addition, after the onset of soft saturation, Vps loses its
control over the EoS region. Although, a negligible influence of Vps can be seen beyond Vs 4y
(0.2 V) on the Ec of the EoS region [inset Fig. 4.1(c)], due to small change in the electric field.
Therefore, Ip increases with a retarded tempo with the increasing Vps, as shown in Fig. 4.2(a).
As Vps is increased beyond Vs 47, the electron density in the EoC region (point X, [Fig. 4.1(a)])
continuously decreases. Then, it reaches below the doping level of the epitaxial region, i.e. this
region is depleted of the carriers, as shown in Fig. 4.2(b). Besides, the electron concentration
near the drain end is greatly reduced at this point, as confirmed by the band diagrams of Fig.
4.1(b). This voltage is defined as the deep saturation voltage (V,r). Beyond Vis,r, the
electron density rapidly drops and then saturates [Fig. 4.1(c)]. This happens because Ec in the
EoC region (points X, and x3) gets almost independent of Vps [Fig. 4.1(b)] and hence ¥s also
gets pinned, as shown in Fig 4.2(c). It may be noted that the tunneling distance remains
invariant with Vps in deep saturation region as depicted in Fig. 4.2(d). At the onset of deep
saturation, the pinning of Ec in the EoC region leads to an almost zero difference between the
gate and drain bias voltages, as the pinning starts to occur at Vgs = Vps = 0.5 V [Fig. 4.1(b)]. It
is also evident from the trends of electron density and ¥s, that Vps effectively loses its control

on these parameters after the attainment of deep saturation condition in the device.

4.3.2 Proposed Vpsat extraction technique for L-TFET

This section explains an extraction method of Vpsat for the line tunneling based TFETSs. As
discussed in the previous subsection, the gate-drain bias (Vgp) has unique constant values at the
onset of both the soft and deep saturation conditions. We observe from rigorous simulations,
that this constant value of Vgp remains invariant with changes in Loy. In other words, Vps at
which the depletion in the EoS region beings to occur does not modify with the varying Loy, as
shown in Fig. 4.3(a). This is because the potential drop in the EoS region remains constant,
resulting in a constant potential at point x3 (Fig. 4.1(a)) with respect to Vgs. Since, the EoC
region has a higher carrier concentration; the potential of the point x3 is determined by Vps.
Therefore, the depletion of EoS region starts at a constant Vgp. Accordingly, Ec and ¥ in the
EoS region also remain almost independent of any change in Loy after the onset of soft

saturation [Fig. 4.4(a)]. The gate-drain capacitance Cgyq is determined by the gate control of the
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charges in the EoS as well as EoC regions. After the onset of soft saturation, the contribution of
the EoS region to this capacitance becomes negligible. As a consequence, the value of Cy for
different values of Loy remains equal after the onset of soft saturation, for a given value of Vgs
[Fig. 4.3(a) and 4.9(d)].
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Figure 4.3: (a) Extraction of V;, from Cy-Ves curve at Vps = 0 V. V¢, remains constant with the
increasing Loy from 15-50 nm at the step size of 5 nm. Inset shows Cy-Vss curve for the device
having non-gated (Lg = Lov) intrinsic region. (b) The output characteristics show that the value of
V& is invariant of the overlap lengths Loy. Device without gate-channel overlap shows slight

distortion in saturation characteristics [Inset of (b)].

Next, the constant value of Vgp at the onset of soft saturation (VZp) can be extracted as
follows: Keeping Vps = 0, if Vs is increased, initially the carrier (electron) concentration in the
EoC region increases while the EoS region remains depleted. This results in a value of Cgy,
which is independent of Loy till Vgs = V3, [Fig. 4.3(a)]. Therefore, for Vgs<V;p, the values of
Cqu at different values of Lov remain equal with varying Vgs. After this voltage (V¢), when the
electron concentration in the EoS region becomes significant, Cyq for the different values of
Lov separates out. This value of V), can be extracted by obtaining Cy-Vas characteristics for
various values of Loy at Vps = 0, as shown in Fig. 4.3 (a). The value of Vps at the onset of soft
saturation is defined as Vjsur = Vs — Vip. It is worth highlighting here, that the maximum
value of Cyq in the L-TFET is less than the oxide capacitance, as also pointed out in [127]. This

is because the electron density in the EoS region is limited by its np*-junction, unlike that in the
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EoC region (np” junction) as shown in Fig. 4.2(b). In contrary to this, the maximum value of
Cqa in point tunneling based TFETs almost equals the oxide capacitance at Vps = 0, whereas,
Cqys Is negligibly small. Further, the onset of deep saturation is defined as the amount of Vps
required to deplete the EoC region, as discussed in previous subsection. It occurs when Vps is
almost equal (slightly less than) the value of Vgs [Fig. 4.1(b)]. Therefore quantitatively,
Viar = Vs and V&, remains almost zero. Please note that these values of V&, are least
affected by the inclusion of contact resistances.

The validation of our method is done against the numerically simulated data obtained from
Sentaurus TCAD. It is observed that /g, obtained using our physics based method exhibits a
good match with the simulation results [Fig. 4.2(a)-(d)]. In addition, the method explained
above is also experimentally feasible, because the variation in Loy can be easily controlled with
suitable mask lengths. Thus, the on-chip measurement of V¢, (and henceVyg,r) from Cyg-Ves
curve for different values of Loy is straightforward [Fig. 4.3], and is useful for analog
designers. Our method is also applicable for the non-gated devices [gate does not overlap
intrinsic p” region, i.e. Lg = Loy and L is the length of the non-gated in Fig. 4.1(a)], as shown
in the inset of Fig. 4.3(a)-(b). The values of Vs, get slightly changed with the change in the
length of the non-gated region. This is attributed to the modification in Cy and the channel
resistance of the non-gated region which actually modulates with varying length of this non-
gated region. It is suggested to keep the non-gated length to a moderate value (20-25 nm), so
that a suitable value of both lorr and lon can be obtained. However, the saturation

characteristics worsen with increasing the length of non-gated region [Fig. 4.3(b)].

4.4 Impact of L-TFET Structural Variation on Vpsat

This section explains the impact of variation in the device design parameters of L-TFET,
Viz. Lov, Nep; and tegpy On the drain current saturation (and hence on Vpsat). These parameters
have been widely explored to optimize the device for obtaining the higher values of lon and
smaller SS.

4.4.1 Impact of the gate-source overlap length (Lov)

In this study, Loy is changed, while keeping all the other parameters same as mentioned in

Section 4.2. An increase in Loy increases the effective cross-section area for BTBT, and hence

lon also increases. However, the onset of soft saturation remains invariant with increasing Loy,
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as shown in Fig. 4.3(a)-(b). As explained in the previous subsection, the depletion in devices
with different Loy takes place for an equal value of Vgp [Fig. 4.4(a)]. Thereafter, the carrier
density in EoS region settles to negligible and a minimum value [Fig. 4.4(a)]. Thus, the pinning
of ¥ occurs at same Vps for L-TFETs having different Loy. This causes Vs, to remain

invariant with Loy as shown in Fig. 4.4(b).
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Figure 4.4: (a) Trends of surface potential and electron density (at point x;) show the common
saturation voltages for increased overlap lengths. The solid circle shows the onset of soft
saturation. Inset shows the electron quasi-Fermi potential for gated and non-gated devices at

point x;. (b) Ip-Vps characteristics exhibit a similar onset of saturation voltage for different Loy.
As Loy is increased, the value of V5 remains the same, and henceVyz,,. Inset of (b) shows the

saturation of Ip with increasing Loy for gated and non-gated devices.

In addition, Ip exhibits saturation for higher values of Loy, as shown in the inset of Fig.
4.4(b). This is owing to an increase in the channel resistance with increasing Loy[123]. It is
worth highlighting that the soft saturation voltage for the non-gated device slightly differs from,
the gated one [Fig 4.3(a)-(b)]. This is attributed by the higher resistance of non-gated region,
thereby, the effective Vps at tunnel junction is reduced (a slight reduction in the electron quasi-
Fermi potential for the non-gated device is observed as well [inset of Fig. 4.4(a)]). The value of
Cqa also decreases with increasing the length of the non-gated region, thus a shift in Vjg,r is
expected. Eventually, this also causes the saturation characteristics to degrade, and hence the

output resistance of the device reduces.
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4.4.2 Impact of the epitaxial layer doping (ngp))

The doping of epitaxial layer is also a key design parameter in L-TFETS. Merely increasing
nep; NOt only increases the oN-state current, but also the orFr-state current [31]. At the onset of
soft saturation, the entire EoS region is depleted and (free) electron concentration is negligible
as compared to the dopant ion concentration. As the value of ngp increases, the free electron
concentration (when depletion occurs within the EoS region) also increases, as shown in Fig.
4.5(a). The electron quasi-Fermi level (Fy) is almost unaltered from EoC (electron rich) to EoS

(depleted) region with increasing ngp [inset of Fig. 4.5(a)].
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Figure 4.5: (a) Trends of electron density with varying ngp reveal a shift in the onset of soft
saturation voltage. Inset shows that the difference Ec-F, reduces with increasing ngp;. (b)
Output characteristics are marked with soft saturation voltage. Inset shows an increase in Vygr

with the increasing value of ngp,.

However, as the value of electron concentration in Eo0S region increases with ngp, the
difference Ec — Fnreduces. This further reduces the potential drop from EoC to EoS regions,
thereby decreasing Vgp and increasing Vg, We observe, if the value of ngp is raised from
2x10% to 2x10", the value of Vi, increases about 0.2 to 0.33 V (for Vs = 0.5 V), as shown
in the inset of Fig. 4.5(b). It is also interesting to note that there is a sudden shoot up in Ip
beyond ngp of 5x10* cm™. This is attributed to a heavily doped p*n*-junction between the

source and epitaxial layer.
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4.4.3 Impact of epitaxial layer thickness (tgp))

The third engineering parameter is the thickness of epitaxial layer. The thickness of
epitaxial layer should be low in order to reduce the tunneling width. However, at very small tgp
(< 2 nm), the conduction band and valence bands are not aligned, thereby, the tunneling rate
decreases. Conversely, at higher tgp, the control of gate over the tunneling junction weakens by
the virtue of a reduced surface electrical field, thereby, the voltage drop across the EoS region
increases. Therefore, Ip exhibits a fast saturation with Vgs [Fig. 4.6 (b)], which is also
consistent with [27], [123].
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Figure 4.6: (a) Ip is normalized by its maximum value. Normalized Ip-Vps curves show the
delayed saturation with increasing tep; at fixed ngp of 2x10'2. The values of V), increases with
decreasing tep [Inset of (a)]. (b) Ip-Ves for different values of tgp. Inset of (b) shows the trends

of V2, and Vs ,47With achange in ngpy and tep).

The saturation voltages in LT-TEFTS devices are also very sensitive to the value of tgp;. As
the value of tgp, increases, the depletion in device happens at higher Vps for a given value of
Vgs as shown in Fig. 4.6(a). A shift in Cyy with the change in tgp clearly shows a notable
change in the values of V¢, [inset of Fig. 6(a)]. It is worth highlighting here, for a change of
2 nm in the tgp (3 Nm to 5 nm), the values of V3, and V¢4rSwing by 0.2-0.3 V [inset of Fig.
4.6(b)]. Moreover, a delayed onset of soft saturation worsens the analog parameters for low

voltage operation (<0.5V). For instance, at tgp; of 5 nm, the intrinsic gain and bandwidth both
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are degraded, as discussed later in detail. Therefore, the selection of tgp; and ngp, are very

critical for obtaining optimal analog performance.

4.5 Implications of Proposed Method to Analog Design

This section reveals the performance of an n-type L-TFET through a discussion on vital
analog parameters, Viz. gm, ro, Cga, Cgs, intrinsic gain (G = gmXr,) and unity-gain cutoff
frequency (fr = gm/22Cyg), In the soft/deep saturation regime. We also discuss the terminal
voltages to optimize the performance of L-TFET based CS amplifier biased in the soft/deep

saturation regime.

E 09 241 - cgd S+ V508V [
3] = o r - Cgs - ¥ V5g=05V
@ 204 ] d
Ué’ Ok ; 3 0\‘ [ & VGS_0'7V L1
r ~ ¢ ao0esee(
@E 03 ’g 16" \* \‘\‘ r:.. ’é\

0.0 E SN ~‘{_' 2 0 0-0-0-00¢(1) El

l Lo 3% N

i < ;f,' LU A =
£ 3 ,‘\“40\00‘\0000000&00-0.8 9
§105 3 osl .,( S Al g
6: ——V5=03V i :i N 'Y *\ »
% ]_O4 = —05V \‘* 'Y L0,
0 o 0.4 003&:‘33;*_*”

A | = Weo b o = i o 04

00 02 04 06 08 10 00 02 04 06 08 10
VDS (V) VDS (V)
(a) (b)

Figure 4.7: Variation in (a) transconductance (gm) and output resistance (ro) (b) gate-drain

capacitance (Cgyq) and gate-source capacitance (Cgs) With the gate and drain bias

4.5.1 Analog parameters in the soft/deep saturation regime

The transconductance increases with increasing Vs for a given Vps due to an increase in Ip,
as shown in Fig. 4.7(a). Further, g, increases in the soft saturation regime and then attains a
maximum in the deep saturation regime, similar to the point tunneling TFETS, as discussed in
[21]. This happens because for Vps=>Vjs 47, the Ec and hence ¥s gets pinned in the EoS region
and Ip starts to saturate, as discussed in Section 4.3. Similar to the trends of gm, the output
resistance becomes a maximum in the deep saturation regime. We observe 4x increment in r,,

when Vps is increased from Visar = Vi 7 (at Ves = 0.5 V), as shown in Fig. 4.7(a). The output
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resistance of L-TFET can be increased by increasing the channel length (for gated device),
because the impact of drain-induced barrier modulation decreases [127], thus an improved
saturation characteristics are observed. Further, r, decreases with increasing Vgs even when the
device doesn’t enter linear regime, due to the increased current levels [Fig. 4.6(a)].

The gate capacitances for L-TFETs are shown in Fig. 4.7(b). Unlike the point tunneling
TFET (whereby, Cyqq dominates in Cyg), L-TFETSs show a significant contribution of both Cgyq
and Cgys in Cgyq [123]. This behavior is attributed to an effective increase in the area of cross-
section for tunneling in the later case. As Vps reaches toVys,r, the value of Cyq (Cys) decreases
(increases), thereafter at Vjic,r, attains a minimum (maximum). The minimum value of Cyq in
the deep saturation is attributed to the increased difference between Ec of the EoC region and
the drain [Fig. 4.1(b)]. Consequently, most of the charges are swept out by the drain and hence
the EoC region remains depleted. Instead, Cgys increases in saturation owing to the increased
tunneling at EoS-source junction. Thereafter, it becomes a maximum as the tunnel junction is

not much affected by Vps beyond V47, as depicted in Fig. 4.1(b)-(c).

4.5.2 Implications of Vpsat extraction to analog circuit design

The significance of above observations is also discussed for biasing of a common source
amplifier. Here p-type L-TFET is used as current source load with its gate terminal connected
t0 Vpias, @S shown in Fig. 4.8(b). For a p-type L-TFET, SiGe is kept in the epitaxial layer in
order to obtain the CMOS compatible drive currents [119]. An opposite and equal doping of n-
type L-TFET is used in the different regions of p-type L-TFET. Fig. 4.8(b) shows the voltage
transfer characteristics (VTC) of the CS amplifier, for different gate bias (Vypias) Of p-type
current source load transistor. The shaded region [Fig. 4.8(a)] shows of the boundaries for the
soft and deep saturation regimes, determined by our Vpsar extraction method [Section 4.3.2].
The pink and green color shaded region on each VTC indicates the onset of soft/deep saturation
voltages for n- and p-type L-TFETS, respectively.

The exterior triangular region on VTC signifies that both the transistors are operated either
in the soft or in the deep saturation regimes. Within this exterior triangle on VTC, grey and
purple shaded region identify that both the devices are operated in the deep and soft saturation
regimes respectively, for the given value of Vyi,s. These boundaries provide us with the range of
input voltage for which the amplifier should be biased. Further, the voltage gain can be

maximized by appropriate selection of the bias voltages for the n- and p-type L-TFETSs.
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Therefore, the correct estimation of the boundaries for the soft/deep saturation regimes is

important from the perspective of the analog circuit design.
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Figure 4. 8: (a) VTC of the L-TFETSs based CS amplifier. (b) Schematic of the current source load
CS Amplifier. (c) The voltage gain (phase) v/s frequency plot of the CS amplifier shows almost

similar response in the soft and deep saturation regimes, even at Vpp = 0.5 V.

Finally, the frequency response of the CS amplifier is plotted in Fig. 4.8(c). It is also
evident from the figure that the voltage gain (Ay) of a CS amplifier remains almost equal when
the n-type L-TFET is either biased in the soft (39.5 dB) or deep (40.1 dB) saturation regime,
without any trade-off in the bandwidth (~7x10% Hz). In addition, the phase (6) response is also
similar for both the cases, which confirms the advantage of biasing in the soft saturation
regime. Thus the estimation ofV5%,, facilitates the designer to take benefit of the full output

voltage swing in the analog circuit design. Furthermore, Av and BW decrease at lower Vpp
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owing to a decrease in the drive currents of device [Fig. 4.7(b)]. Nevertheless, the performance
of a CS amplifier biased in the soft and deep saturation regime remain invariably same, even at

lower Vpp also.

4.6 Impact of Device Design Parameters on the Device-Circuit

Analog Performance

This section comprehensively explores the impact of device design parameters on the
device/circuit analog performance of L-TFETSs. Thereafter, we discuss the device design
guideline to the TFET research community, in order to obtain the optimum analog
performance. Please note that here we explicitly discuss the device/circuit analog performance
for the soft saturation regime (Vps = 0.3 V) and the deep saturation regime (Vps = 0.5 V) at Vgs
= 0.5 V. These soft and deep saturation regimes are determined from our proposed Vpsat

extraction formulae, as explained in Section 4.3.

4.6.1 Influence of Loy, Negp;, and tgp; ONn the analog parameters

As shown in Fig. 4.9 (a), the output resistance exhibits a negligible change with gate-source
overlap length. This is attributed to the similar onset of saturation for the devices with different
Lov, as discussed in Section 4.3. The drain current saturates with the increasing Loy due to the
reduced effect of the lateral electric field at the far end of gate-source overlap region (More
details is presented in the Chapter 6). This in turn, also causes a slight modulation (ignorable)
of the output resistance with increasing Loy. For Loy < 10 nm, the drive current capability of
device hinders, owing to the reduced area of cross-section for the BTBT. Hence it is suggested
to keep Lov = 20 nm to take benefit of the drive current of L-TFETS.

The value of transconductance always increases with the increasing gate-source overlap
length as of Ip [Fig. 4.9(a)]. For higher Loy, transconductance tends to saturate because of the
saturation in the drain current, as discussed in Section 4.4 [Fig. 4.4]. Further, the variation in
transconductance with Vps is not significant, once the device enters in the saturation state. A
notable reduction in r, is observed at the higher doping values of the epitaxial layer, as depicted
in Fig. 4.9(b).

This happens as the onset of saturation in Ip occurs at a higher Vps for increasing values of

nepr, (Since the depletion in EoS region occurs at higher Vps). Thus, increasing nep; reduces r,
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to a great extent due to the increased influence of Vps. It may be noted that Ip (lon, lore) also
decreases with the decreasing nepi. Therefore, moderate doping dose (5x10'7 - 5x10'® cm™) in
the epitaxial layer gives optimum results in terms of the gain and bandwidth. Next, g, always
increases with increasing ngp; due to the increased junction electric field and thus more
tunneling takes place [Fig. 4.9(b)]. The trends of r, with the change in tgp, are atypical. For
excessively thin tgp; (< 2 nm), the BTBT is suppressed [59], as Ey of the source is not
adequately raised to align with the Ec of the epitaxial layer. This eventually results in the small
change in Ip with Vps, so the offered r, remains high [Fig. 4.9(c)]. On the other hand, with
increasing tepy, the control of drain over the tunneling junction weakens, which in turn increases
ro. In general, the value of r, increases with the increasing tep; (except tgp; = 2 nm). On the other
hand, gm always decreases with increasing tep;, by the virtue of a reduced control of the gate, as
shown in Fig. 4.9(c). The optimum thickness is also determined by the doping of the epitaxial

layer.
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Figure 4.9: Variation in transconductance (gm) and output resistance (ro) with (a) Loy. (b) ngp..
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The gate-drain capacitance (Cyq) is determined by the gate control of the charges in the EoS
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and EoC regions. After the onset of soft saturation, the contribution of the EoS region to Cy
becomes negligible [Section 4.3]. As a consequence, Cyq remains invariant of Loy after the
onset of soft saturation, as shown in Fig. 4.9(d). While, Cgs increases almost linearly with Loy,
because of a larger cross-section of the tunneling. It may be noted from Fig. 4.9(e), that both
Cga and Cy increases with the increasing nepi. The higher ngp; create a p'n*- junction between
the source and epitaxial layer, which raises the value of Cg. This also results in a strong
coupling of the EoC region with the drain, hence increasing Cyq. Besides, Cys significantly
decreases with the increasing tep; due to a suppressed BTBT, while Cyq is not much affected, as
depicted in Fig. 4.9(f).

TABLE4.1
COMPARISON OF INTRINSIC GAIN AND UNITY-GAIN CUTOFF FREQUENCY (GHZ) FOR DIFFERENT
VALUES OF Loy, Nepj AND Tepi AT Vs = 0.5V
Lov Vbs=0.3V Vps=05V ngp Vps=0.3V Vps=05V tgp Vps=0.3V Vps=05V
(hm) G fr G fr (cm®) G fr G fr (m) G fr G fr
10 42.02 49.4 209.35 67.9 2x10'769.92 52.4 283.15 67.5 2 68.19 38.3 296.02 49.4
20 52.66 62.6 259.06 81.1 5x10''63.80 56.2 276.77 72.7 3 52.66 62.5259.06 81.1
30 56.54 58.9 273.89 72.7 2x10'°52.66 62.5 259.06 81.1 4 40.93 38.0 207.31 46.3
5
6

40 59.01 52.4 286.55 62.7 5x10'°39.49 67.1 219.36 86.6 9.83 14.8 106.22 21.3
50 59.76 46.0 289.75 53.4 2x10"°13.39 77.0 83.28 97.6 7.39 450 67.27 7.45

Table 4.1 compares the intrinsic gain and unity-gain cutoff frequency for the different
device design parameters. The intrinsic gain increases with an increasing Loy as it is dictated
by gm (ro is fairly constant). However, fr decreases as the impact of Cg becomes more
pronounced at higher Loy. Therefore it is advisable to keep Loy in the range of 20-40 nm for
optimum performance. The intrinsic gain degrades at higher ngp, as r, gets worse. In addition,
fr gets improved at higher ngp as a result of the raised gn. Thus, negp; should be kept in the
range of 5x10*- 5x10%® cm™. Both G and fr decrease at the higher tgp;, because gm gets
reduced, [Fig. 4.8(c), (f)]. Further, tep; should not be kept below 3 nm, because the drive
capability gets deprived. The optimization of tgp is critical, as its best possible value may also
depend upon ngp;. However, we observe that tgp, of 3-4 nm gives the optimum results for ngp; of
2x10" cm’®,
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4.6.2 Impact of Loy, Nepy, and tgp; on the Common Source Amplifier

The impact of device design parameters on the performance of CS Amplifier is discussed in
this section. For all the amplifiers, the values of Vs and Vour are kept at Vpp/2, and Vi is set
accordingly. In this study, the values of the device design parameters are kept equal for both n-
and p-type L-TFETs. The cut-off frequency (fsgg) and Ay and of the CS amplifier can be
expressed as [129]:
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Figure 4.10: (a) Frequency response of CS amplifier with varying device design parameters

(@) Lov. (b) nepy. () tep). Please note that for all the amplifiers, Vpias = Vout = Vpp/2.

It is obvious from Fig. 4.10(a), the voltage gain of the CS amplifier increases with
increasing Lov. An increase in Ay of 37.9 dB to 39.6 dB is observed when Loy is raised from 20
nm to 45 nm. Ay does not increase beyond 40 nm overlap length due to the increased value of
drift resistance. It can also be seen from Fig. 4.9(a), the output conductance (ggs = 1/r,) and Cgyq
remain almost independent of overlap length for Loy = 20 nm. For Loy < 20 nm, Ay and BW
suffer, as both g, and ggs decrease. Ay (BW) for a CS amplifier decreases (increases) with
increasing value of ngp; [Fig. 4.10(b)]. This happens as gqs increases with increasing ngp. We
observe merely a change of around 39.5-35.4 dB and 200-500 MHz in Ay and BW

respectively, when ngp is raised from 5x10'-5x10® cm™. For excessively lower doping, BW
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remains very small, albeit the higher values of Ay.. An almost equal value of Ay and BW for the
CS amplifier is observed at tgp; of 3—4 nm, as shown in Fig. 4.10(c). Beyond this range, either
Ay or BW suffers. It is also observed that the bandwidth drastically reduces for tep; < 3 nm due
to the extremely high output resistances.

4.7 Conclusion

We presented a comprehensive physics based explanation of the output current saturation and
an extraction method of Vpsat for the line tunneling based TFETs. Subsequently, we also
discussed the significance of estimating Vs, for biasing a CS amplifier. Our results show that
a comparable voltage gain and bandwidth are obtained when the driver transistor of a CS
amplifier is either biased in the soft or deep saturation regime, which necessitates the correct
estimation of V;3&,. The experiments carried out in this Chapter show that, increasing the
values of Loy does not impact the saturation voltage of L-TFET. Further, Vgp also remains a
constant at the onset of soft and deep saturation conditions. The validation of the proposed
method is done against the numerically obtained TCAD results. A change in the values of tgp
and ngp, significantly shift the onset of soft saturation condition in the L-TFETS, which in turn,
impact the analog performance. Although, the gain and bandwidth are the best in the deep
saturation regime, nevertheless, they also exhibit good values in the soft saturation regime.
Overall results indicate that our method adequately allows determining the optimal terminal
voltages for biasing L-TFETs based analog circuits in the soft and deep saturation regimes.
Finally, the optimization guidelines to quantify the device/circuit analog performance are also
presented for the TFET research community by considering the impact of device design

parameters.
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Chapter 5
Impact of Body Bias on the Line TFETSs and

Its Implications to Analog Design

This chapter reports the impact of body bias (Vgs) on the performance of the epitaxial layer
based Line Tunneling FETs (L-TFET) for the first time. The drain current (Ip) initially
increases with the reverse body bias and then it saturates. This happens as the occupancy
probability (and hence the band-to-band tunneling generation) increases with the reverse body
bias, and then remains invariant of any further increase in Vgs. Thus the occupancy probability
in the source valence band plays a vital role in determining the modulation of Ip with Vgs. The
reverse Vgs at which the drain current attains a maximum is defined as Vgsat, and changes
almost linearly with the gate bias (Vgs). A novel physics based model is also proposed to
investigate the dependence of Vgsat 0n Vgs. In fact, an increase of 40-60% in Ip with the
increasing reverse Vgs is also observed. Forward Vgs does not significantly alter the value of
occupancy probability and Ip. The magnitudes of Vgsat increases with the gate-source overlap
lengths and decreases with the thickness of epitaxial layer. Further, Vpsar slightly reduces with
an increase in the reverse Vgs. The intrinsic gain and unity gain cut-off frequencies increases

with the reverse Vgs and remains almost unaltered with the forward Vgs.

5.1 Introduction

The steep subthreshold characteristics of tunnel FETSs are being extensively explored by the
research community for the ultra-low power VLSI design applications [92], [97], [98].
However, the major challenge for TFETs is its poor drive capability. Thanks to the
advancement in the junction and material engineering, which have significantly improved the
drive current of TFETs [19], [118], [130]. The epitaxial layer/source pocket based line TFETSs
are also gaining interest, whereby the source region is overlapped by the metal gate [27], [29],

[116], [122], [123]. In these devices, the area of cross-section for BTBT is large, hence Ip
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increases. Recently, the potential of L-TFETs for the analog circuits and Internet of Things
(1oT) applications have also been discussed [94]. In addition, the benefits of body biasing (Vgs)
to improve the device/circuit performance has been reported by several researchers for deep
sub-micrometer CMOS technologies [3]. The improvement in the Ip with Vgs has been also
reported for point tunneling devices [57], [58]. Besides the potential to improve TFET
performance, the body biasing also provides additional flexibility to the circuit designer.
However, to the best of our knowledge, the impact of Vgs on the line TFETs with epitaxial
layer/source pocket has never been discussed.

In this work, we report for the first time that the body bias has a significant impact on the L-
TFETSs with epitaxial layers. We discover, that Ip initially increases with reverse Vgs and then
saturates. The purpose of this study is also to propose a novel physics based extraction method
and explanation of Vgsat. The body bias modulates the electrostatics in the thin epitaxial layer
over the channel and source. In turn, this modifies the carrier concentration and the gate oxide
induced electric field. Particularly, we found that the reason behind the enhancement in Ip is
owing to the modulation of electron quasi-Fermi energy (and thus the occupancy probability) in
the valence band of the source with the body bias. This changes the availability of the carriers
at the initial tunneling point and empty states at the end of the tunnel path. Thus, the impact of
body bias on the epitaxial layer based L-TFET is distinct when compared with the body bias
effect on the point TFETs. The impact of Vgs on the Ip-Vps characteristics and analog

performance is also examined

5.2 Device Structure and Simulation Framework

A 2D schematic of the target device is shown in Fig. 5.1 (a). The device under
consideration is one of the most established L-TFET [27]. It consists of a 3 nm epitaxial layer
thickness (tep;) of Silicon over the source and channel. The source material is selected as
Sips5Geg s to obtain a high drive current [28]. The high-k metal gate stack with a dielectric layer
of 3 nm HfO, is selected along with a channel length of (Lcy) 20 nm. The doping concentration
of source (p-type), drain (n-type), channel (p-type) and epitaxial layer (n-type) is kept at
2x10%°, 5x10%°, 1x10% and 2x10* cm™ respectively, unless otherwise stated. The thickness of
BOX region is kept at 10 nm and the body is doped heavily with p-type dopants. Our self-
consistent numerical simulations are performed using Sentaurus TCAD tool (version K-2015-

06) of Synopsys Inc. The dynamic nonlocal band-to-band tunneling model is activated across
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all the semiconductor regions to emulate the tunneling phenomenon. This model utilizes the
nonlocal generation of the electrons of holes caused by the direct and phonon-assisted BTBT
process. The generation rate is calculated from the nonlocal path integration. The theoretically
calculated values of BTBT model parameters for Silicon (A = 3.29 x 10 cm™-s!, B = 2.38 x
10° V cm ') and SigsGeos (A = 2.27 x 10°cm s, B = 1.55 x10’ V cm ™) are borrowed from
[43]. The detailed descriptions of various other physical models are same as mentioned in
Chapter 3.
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Figure 5.1: (a) 3-D view and 2-D schematic of the target device. Please note that ts; = tgox = 10
nm for all simulations. (b) Lateral energy bands across the line AB. (c) Vertical energy bands
across the EoS region show the tunneling at point x;. The points xi, Xo, and X3 are kept at 1 nm
below the oxide-semiconductor interface along the line AB. The values of band energies may
vary with the position of line AB, however, the underlying physics will remain the same.
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5.3 Impact of Body Bias on Line TFETS

This section investigates the influence of the reverse and forward body bias on the drain
current of the epitaxial layer based L-TFETs. The drain current initially increases with the
increasing reverse Vs, thereafter it attains a maximum value, as shown in Fig. 5.2(a)-(b). A
similar trend of the electron BTBT generation is also observed from the numerical TCAD
simulations [Fig. 5.2(c)]. This happens because the reverse Vgs increases the available carriers
for tunneling at the EoS/source junction underneath the high-i metal gate [Fig. 5.1(a)]. Further,
it also increases the average vertical electric field across the EoS region to a little extent. An
improvement of more than 50% in Ip can be achieved with the appropriate selection of body
bias. Please note that L-TFET is assumed to be operated in the saturation region (Vgs < Vps)

unless otherwise stated.

5.3.1 Reverse body bias and Vgsat

Initially, with the increasing reverse Vgs, the depletion charges in the substrate and channel
region continuously increase. Thus, the band energy (Ec, Ev) of the channel and epitaxial
region over the channel (EoC) increase with reverse body bias as depicted in Fig. 5.1(b). For
the smaller values of reverse Vgs, the electron concentration in the channel reduces marginally.
This signifies that the difference Ec-F, is almost constant, so F, also moves with Ec (for
smaller reverse Vgs). We observe a very small change in the Ec/Ey of EoS region [Fig. 5.1(c)],
when compared to the change in F,. This happens as the heavily doped p*-source region shields
the EoS region.

In addition, the potential in the EoS region is mostly governed by the gate to source vertical
electric field. Thus Vgs does not directly change the Ec v of the EoS region. However, the
reverse Vgs causes a shift in the electron/hole quasi-Fermi level (F.;) of the EoS and source
region, as shown in the inset of Fig. 5.2(d). The reason is as follows: Since the EoS region is
fully depleted of electrons, thus F, of the EoS and EoC regions are tightly bound. Therefore,
any change in F, of the EoC region results in a similar change in F, of the EoS region. The
band bending across the tunnel junction is not much affected by the reverse Vgs. It is worth
highlighting here, that an increase in F, increases the occupancy energy levels in the valence
band of the source region [Fig. 5.1(c)]. This increases the number of carriers available for

tunneling, which is also confirmed by the increased rate of BTBT generation [Fig. 5.2(c)].
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Figure 5.2: (a) Output characteristics of the target device. Here negative (positive) values of
Vgs correspond to reverse (forward) body bias. (b) Saturation in Ip is observed with reverse
body bias, while, 1o does not significantly change with the forward body bias. Normalized
values of Ip show the modulation efficiency for different Vgs [Inset of (b)]. Trends of (c)
Electron band-to-band generation rate at point x; (d) Electron quasi-Fermi energy with Vgs for

different Vgs at EoS/source junction along the line x; for different gate biases.

As per Esaki’s theory of tunneling, the drain current, Ip is proportional to:

VB

s _max

Ip o .[ P(E)[fs(E) - feog (E)]dE (5_1)

CcB

EoS _min

Here, fs and fgos are the occupancy functions of the source and EoS region respectively, and

P(E) is the tunneling probability which depends on the electric field. With the increasing
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reverse Vgs, Fn of the EoC/channel region increases, hence F, of the EoS/source region also
increases, whereas Ec v of the EoS/source region changes to a very small extent. Since, the
source is degenerate, so F, lies within the valence band of the source. Therefore, the occupancy
probability of the valence band of the source also increases with increasing F,. In fact, a small
change in Fyyp causes the available states to change drastically. This consecutively changes the
availability of carriers and empty states at the tunneling path. Therefore, the overall tunneling
current increases with the reverse Vgs.

With a further increase in the reverse Vgs, the EoC region gets completely depleted of
electrons thus F, of the EoC region does not significantly change its position [Fig. 5.1(b)].
Therefore, the difference Ec-F, in the EoC region increases with an increase in the reverse Vgs,
and F, gets saturated in the EoC and EoS regions. This also causes the tunneling current to
saturate with the reverse Vgs [Fig. 5.2(a)]. Next, we also observe that the tunneling distance
[which depends upon the position of F, within source] slightly decreases with reverse Vgs and
then it becomes independent of Vgs. This also confirms that I saturates for Vgs = Vgsart. Here
Vesar IS the reverse body bias for which the Ip attains a maximum. A negligible drop in Ip
beyond Vgsar is due to the slight increase in Ec v in the E0S region with the increasing reverse
Vgs. Although this change is very small, still beyond Vgsar the difference Ec-F, is dictated by
the values of Ec,y only, thus a small decrease in Ipis expected. It is worth highlighting here that
the change in Ec/Ey with reverse Vgs is more dominating in the channel than the source. This is
due to a decrease in the electron density of the channel with the reverse Vgs.

In addition, the reverse Vgs is more influential at the lower gate biases [inset of Fig. 5.2(b)].
Here the normalization of Ip is calculated as, Ip(Vgs)/Ip(Vgs =0). The maximum Ip
modulation efficiency for Vgs = 0.5 V is 61% when compared to 48% at Vgs = 1.0 V. This
happens because at a higher Vs, Ec and F, of EoC/channel region shift downward. This also
results in a downward shifting in F, of the source valence band [Fig. 5.1(b)-(c)], consequently,
a reduced BTBT modulation efficiency is observed. The value of Vgsat can be extracted as the
reverse bias voltage where the first derivative of Ip becomes zero, i.e.d1,/dVgzs = 0, for the
given Vgs and Vps. These values of Vgsat change almost linearly with Vgs [Fig. 5.3(a)]. This is
owing to the fact that the surface potential in the EoC region varies linearly with Vgs at the
onset of Vgs = Vgsat. Please note, Fig. 5.3(c) can be realized as a linear capacitive network, so
the depletion charge in the silicon film does not change with Vgs in the saturation regime, i.e.

Ves < Vps. Since Ec of the EoS region remains almost independent of the reverse Vs,
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therefore, the difference AEc also changes linearly with the Vgs at the onset of the body
saturation, as shown in Fig. 5.3(b). We observe a change in Vgsar=~ 0.32 V when Vgs changed
from 0.5 V — 1.0 V. After the onset of Vgs = Vgsar, the L-TFET devices exhibit a negative
conductance (a1, /dVjys), because of a slight decline in Ip beyond Vgsar. Here, AEc is the

difference between the conduction band energies of the EoS and EoC region.
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Figure 5.3: (a) The variation of Vgsat and AEc with the gate bias. The change in slope
of Vgsar IS due to the change in the channel and substrate charge with Vgs. (b) A small
shift in the Vpsat due to Vgs is observed, which is confirmed by the change in gate
charge. (c) Gauss law is applied from body to gate terminal to obtain the potential

balance equation for L-TFET device.

To gain a better insight into this phenomenon, we use a potential balance equation based on

the capacitance division approach [3], as shown in Fig. 5.3(c).
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Ves ~Vesat =Ves * ¥sup *Veox *Ve +Vox (52)

t

VC=J'
0

Here Ves, Y5, Veox, Ve and Vox are the flatband voltage, the surface potential of the

s

r gN.x 1 Q gN 2

! a Sub a'sSi
| €c_sup * |dx = ti + (5.3
L £si | €si 2

substrate, the potential drop in the BOX region, the potential drop in the channel region and the

voltage drop in the gate oxide respectively. e-_s,; is the electric field in the silicon film,
caused by the gate to substrate charges. Eq. (5.2) can be simplified as:

Ves —Vasar =Veg + ¥e +Vox (5.4)

Where w . = w ., +Vaox +Ve (5.5)

Since Fig. 5.3(a) is a linear capacitive network, so the change in voltage is always linearly

related. Thus A¥s,, and A%, are proportional to each other, i.e. ¥, = 0, if ¥5,, = 0. It'is the

substrate charge which actually changes with change in Vgs, therefore Vgsat also changes with

the same. By taking the depletion approximation, (5.4) becomes:
Vos —Vasar = Vip + ¥e + ki of¥ o (5.6)

As discussed above, the surface potential changes linearly with the gate bias, so without any

loss of generality, (5.6) can be written as:

Vs —Vgsar =Veg +a+bVgg +Kkafa+ bV (5.7)

Eq. (5.6)-(5.7) are valid under the depletion approximation; otherwise, the substrate charges
exhibit an exponential dependence on the A¥,,;, (Ves) [3]. Any change in the surface potential
of the EoS region (A%s) with Vs and Vgs corresponds to a change in the gate-to-source
fringing electric field of the EoS region, as per (5.3). At the onset of Vgs = Vgsar, the ratio
AY¥; /AY remains constant with Vgs. That is why AEc varies linearly with Vs at the onset of
Ves = Vgsar [Fig. 5.3(a)]. Moreover, any change in Vgs causes the gate-to-source fringing
electric field (hence Cinge) to change, thus both A% and A%, get changed. This change is
compensated by the reverse Vgs, i.e. Vgsar also changes accordingly. Thus, we observe an
increase in Vgsat With any substantial increase in Vgs, as shown in Fig 5.3(a). It may be noted
from Fig. 5.3 (a), that initially Vgsar changes sub-linearly with Vgs (< 0.6 V). This is because
the depletion charge in the EoC and substrate region remains almost unchanged below 0.6 V,
then it starts to drop significantly with increasing Vgs (since the electron density increases with
Vgs). The change in depletion corresponds to change in charge in (5.3), hence the linear

dependence of ¥ on Vgs deviates. Please note that the model is not valid for forward Vgs.
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5.3.2 Forward body bias

The drain current remains almost steady with the forward Vgs, because the electron band-
to-band generation rate does not change significantly with the positive values of Vgs [Fig.
5.2(c)]. The difference Ec-F, in the EoC/channel region decreases with an increase in the
forward Vgs. Thus the electron density in the channel region increases with the forward Vgs.
Besides, the change in Fy, of the epitaxial layer/source region is negligibly small with the
forward Vgs, as shown in Fig. 5.2(d). Therefore, the occupancy probability and hence the
available states for tunneling remain almost unaltered. In particular, the source potential
increases with the forward body bias, so F, should move toward- intrinsic energy level. On the
other hand, F, of the channel/EoC region decreases with the forward. Vgs, so the overall effect
is compensated. Thus, F, of the EoS/source region remains almost invariant of the forward Vgs.

This also causes the tunneling current to remain almost invariant of the forward Vgs.

5.3.3 Impact of body bias on Vpsat

The saturation in Ip with Vps is mainly determined by the electron density and the surface
potential of the EoS/EoC region, as explained in Chapter 4. As Vps increases, initially, the
electron density in the EoS region decreases and then becomes independent of Vps. This
happens as ¥ of EoS region gets pinned after the onset of the soft saturation. For a given gate
and drain bias, when reverse Vgs increases, the electron density in the EoS region increases.
This is because of a decrease in Ec-F, with the reverse Vgs, as shown in Fig 5.1(b)-(c). Since,
¥, of EoS region is slightly affected by the reverse Vgs, as a result, a minimal change in Vpsat
with the reverse Vgs is also expected. This can also be confirmed from the change in gate
charge due to the reverse Vpgs in the saturation region, as shown in Fig. 5.3(b). The reverse body
bias advances the onset of saturation, i.e. Vpsar reduces to a little extent. We observe a

reduction of around 20 mV in Vpsat When the reverse Vgs is increased from 0 to 2 V.

5.4 Impact of Device Design Parameters on Vgsat

This section investigates the impact of device design parameters of L-TFET on its Ip-Vgs
characteristics. The vital device design parameters in L-TFETSs are gate-source overlap length
(Lov), epitaxial layer thickness (tgp)), epitaxial layer doping (nep)) and channel length. The

detailed description of each parameter is as follows:

65



5.4.1 Gate-source overlap length (Lov)

The gate-source overlap length is a widely used parameter to modulate the drive capability
of L-TFETSs. As we scale up Loy, the drain current increases due to an increase in the cross-
section area of tunneling, as shown in Fig. 5.4 (a). The onset of Vgsat in L-TFETs also
increases for the given gate/drain bias. This is because the impact of the fringing electric field
reduces with increasing Loy. As a result, A¥ of the EoS region also increases. From the
capacitance model [Fig. 5.3(c)], it is obvious that a higher reverse Vgs is required to
compensate for this change in A% due to increased Loy, hence Vgsat increases, as shown in
Fig. 5.4(b). We observe that Vgsar changes from -1.65 V to - 2.12 VV when Loy is raised from
20 nm to 200 nm.

On contrary to above, when the channel length (Lc) is increased from 20 nm to 30 nm,
Vgsat changes from -1.65 V to -1.53 V. This reduction in Vgsat can also be explained from the
capacitance model. As we increase Lc, the value of A%, increases and the ratio AW /AW,
decreases, thus less reverse Vpgs is required to compensate for the same. Further, the modulation
of Ip with Vgs is slightly affected by the increase in Loy, as shown in Fig. 5.4(b). The
percentage change in Ip with Vgs initially increases due to an increase in the tunneling.
Thereafter, a decline is observed because of an increase in the resistance of the EoS region with

increasing gate-source overlap region.
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Figure 5.4: (a) Ip-Vgs characteristics for the different values of Loy, whereby Ip increases
almost linearly with Loy. (b) Modulation of Ip by Vgs is almost independent of Loy, while the
magnitude of Vgsat increases with Loy.
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5.4.2 Thickness of epitaxial layer (tgp))

The second engineering parameter is the thickness of epitaxial layer. The optimum value of
thickness also depends upon the doping of the epitaxial layer. The drain current drops with
increasing tegp; as the tunnel junction moves away from the gate, hence the vertical electric field
at tunneling junction reduces [Fig. 5.5(a)]. Further, the value of Vgsat becomes less negative
with increasing tep; as shown in Fig. 5.5(a). This is due to the reduced electrostatic control of
the gate over the channel. Thus, a small reverse Vgs is sufficient to maximize the drain current
for a given gate-drain bias.

Moreover, extremely thin tep; has a stronger gate control, whereas the extremely thick tgp
has a weaker gate control. Thus the control of reverse Vgs becomes more dominating at the
thicker epitaxial layer. Once the depletion charge in the channel starts to drop with Vgs, the
slope of Vgsat starts to change linearly [Fig. 5.5(b)], as modeled in (5.3)-(5.4). For thicker tgp
(=5 nm), the channel remains depleted even at lower Vgs, thus VgsaT is always linear with Vgs.
On contrary, the channel depletes at higher Vgs for excessively thinner tgp (< 3 nm). As a
result, Vgsat exhibit sub-linear trend at the lower Vgs and becomes linear at the higher Vgs
[Fig. 5.5(b)]. It is worth highlighting that influence of the forward Vgs becomes pronounced for
higher tgp; due to the reduced gate control [Fig. 5.5(2)].
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5.4.3 Doping of epitaxial layer (ngp))

The epitaxial layer doping is another design parameter for improving the drive current. As
we increase ngp;, electron BTBT generation across the degenerately doped p'n® junction
increases, [Fig. 5.6(a)]. The impact of reverse Vgs on the drain current modulation slightly
decreases [Fig. 5.6(b)] with increasing ngp;. This is due to a reduction in the modulation of F,
with increasing doping [Fig. 5.6(b)]. However, Vgsat changes only to a small extent (-1.62 V to
-1.65 V) when the doping is raised from 10 ¢cm™ to 10* cm™. This is because the change in
depletion charge of the channel does not significantly change with a change in ngp;. Therefore,
the dependence of Vgsat 0n Ves is negligible, which can also be confirmed by the model

discussed in subsection 5.3.1.
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Figure 5.6: (a) Drain current for different values of ngp;. (b) Comparison of percentage change in

Ip and F, for different values of ngp; with and without reverse Vgs.

5.5 Impact of Body Biasing on the Analog Performance

This section explains the impact of body biasing on the vital analog parameters viz.
transconductance (gm), output resistance (ro), gate capacitances (Cgs/Cgyq) and intrinsic gain
(gmXr,) etc. of L-TFETS. The transconductance increases with the reverse Vgs and then attains a
maximum as shown in Fig 5.7(a). This happens as the tunneling current increases with the
reverse Vs and then saturates. Further, g, remains almost constant with the forward Vgs
because BTBT does not change significantly, as explained in Section 5.3.2. Please note that the

increment in gn at higher Vgs is due to increased rate of tunneling. The output resistance
68



initially reduces (Vgs< 1 V) with the reverse Vgs, as the change in Ip is significant. When Alp
is small, r,, starts to increase with reverse Vgs as shown in Fig. 5.7(b). The forward Vgs reduces
I, as Ip continuously increases, to a small extent. The intrinsic gain in effect increases with
reverse Vgs because of increasing behavior of gn,, while it remains almost unchanged with the
forward Vgs [Fig. 5.7(b)].
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Figure 5.7: Performance of analog parameters under the forward and reverse body biasing at
Vbs = 1.0 V: (a) Transconductance (b) Output resistance and intrinsic gain (c) Gate

capacitances (d) Unity gain cut-off frequency

The variation in Cyq of L-TFET with Vgs is attributed to the change in depletion charge of

the channel. Moreover, the channel electron density decreases with the reverse Vgs and
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increases with the forward Vgs. In addition, Cgys is augmented to a little extent with reverse bias
due to increased tunneling charge across the EoS/source junction, as depicted in Fig. 5.7(c). It
is worthwhile to mention that a significant change in Cgys is observed with varying Vgs, as the
BTBT generation increases to a great extent. Finally, the unity gain cut-off frequency (fr) of the
device under consideration is shown in Fig. 5.7(d). The trend of fr is dominated by the device
transconductance. This is because the device’s total capacitances exhibit a negligible change
(~1%) with reverse Vgs, when compared to the transconductance (40-60%). Therefore, the
reverse body bias is essentially useful for the analog designer to adjust the gain and bandwidth

of the circuit.

5.6 Conclusion

In this work, we presented strong arguments so as to why, the drain current of L-TFETs
modulates with the body bias. We also proposed a physics based model for Vgsar. As per the
trends of electron quasi-Fermi energy levels in the valence band of the source, Ip-Vgs
characteristics assume different shapes. This is by virtue of the fact that the occupancy
probability changes with the body bias. In fact, our study reveals that the reverse Vgs has a
notable influence on Ip compare to the forward Vgs. Further, the linear dependence of Vgsar 0n
Vs is also confirmed by our numerical TCAD simulations and proposed model. This is owing
to the fact that both AEc and ¥t are linear with Vgs. We also investigated that the change in
Vpsat With body bias is not symptomatic. However, Vgsar fluctuates with the change in
epitaxial layer thickness, channel length, and the gate-source overlap length. Finally, we
demonstrated that the intrinsic gain and unity gain cut-off frequency are significantly improved
with reverse body biasing. This improvement is dictated by the enhanced transconductance of
L-TFETs, while keeping the gate capacitances almost independent of the body bias. The
superior drive capability and analog performance due to the body bias can be further explored

in L-TFETS based circuit design.
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Chapter 6
Impact of Gate-Source Overlap Length on

Small Signal Parameters of Line TFETS

In the previous chapters, the impact of the gate, drain, and body bias on the TFET device-
circuit performance was investigated in detail. In this chapter, the impact of gate-source overlap
on L-TFETSs is examined. The gate-source overlap length (Loy) in the L-TFET can be used as a
design parameter to improve the analog circuit performance. In this chapter, we modeled the
drain current (Ip) dependence on Loy considering the electrostatics of the gate-source overlap
region. It is observed that an increase in Ip with the increasing Loy exhibits a nonlinear
behavior. This happens as the impact of lateral electric field at the far end of the tunnel junction
reduces, thereby reducing the tunneling rate. Based on our semi-empirical physics based Ip-Lov
model a novel Loy variation-aware small signal model for L-TFET is also presented. The
output resistance (ro) and the gate-drain capacitance (Cgyq) remain almost independent of Loy in
the saturation regime. The gate-source capacitance (Cqs) and the transconductance (gm) linearly
increase with Loy. A common source amplifier is demonstrated with ~ 2.4 x increase in the
voltage gain when Loy is increased from 20 nm to 50 nm, with a penalty of ~ 10% in the
bandwidth. We observe that it is not possible to achieve the gain similar to one obtained using
2.5% increase in Loy even after increasing the device width 5 times. However, the bandwidth

reduces 30% at such width owing to an increase in the gate capacitances.

6.1 Introduction

The research on TFETs over the last decade has shown the potential of this device for
energy efficient computing [2], [131]. In this context, tremendous efforts have been made to
improve the drive current and subthreshold swing of TFETs. The optimization of TFETs from
the process to material engineering have been extensively discovered [132]. The benchmarking

of TFETSs for the low power low voltage analog and digital application are also being explored
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rigorously [95], [133], [134]. Recently, on-chip implementation of line-TFET based analog
circuits has increased the interest of in such devices [88], [96]. In this context, an experimental
demonstration of L-TFET devices for the Internet of Thing (loT) applications has also been
reported [94].

In general, the width of the device is used to improve the drive capability. However, an
increase in the device width also results in the increased gate capacitances and decreased output
resistance. The overlap lengths of L-TFETS can also be employed in the circuits to increase the
drive current, without much affecting its r,. Further, it has been established as a fact that the
gate-source overlap length is an important design parameter in L-TFETs [29]. Thus, this
parameter may provide an additional degree of freedom to the analog designer to adjust the
gain and bandwidth of the circuit. It is observed through the numerical simulations that the
drain current varies sub-linearly with Loy [27], [31], [123]. However, the existing analytical
models assume that Iy should increase linearly with Loy, by virtue its increased area of the
cross-section for band-to-band tunneling (BTBT) [61]. Thus, there is a need to quantify the
change in drain current as a function of Loy for the circuit designers.

Therefore, in this work, while addressing the problem cited above, a physics based
explanation of the dependence of Ip on Loy in the saturation regime is presented
comprehensively. The drain current initially increases linearly with Ly,o, thereafter, a sub-linear
trend is observed. This happens as the impact of lateral electric field diminishes at the far end
of the gate-source overlap region. The impact of Loy on vital analog performance parameters is
also discussed while explaining the underlying physics of them. This facilitates the analog
designer to predict the gate-source overlap length aware small signal model for L-TFETS based
circuits. This model is also validated against the numerically simulated results. Finally, the
advantage of Loy variation over the width is also examined for the common source amplifier. It
is interesting to note that the pillar based L-TFET with a vertical process flow [135] does not
exhibit such a non-linear behavior, as discussed later in Section 6.3.3.

The rest of the Chapter is organized as follows: Section 6.2 describes the device structure
and the simulation framework. The dependence of Ip on Loy is explained in Section 6.3. A
mathematical approach is also presented to model such an effect. Section 6.4 presents the
influence of Loy on the analog parameters and also provides a physics based semi-empirical
model for the same. Impact of Loy variation on the analog circuit design is discussed in Section
6.5. Lastly, the important results and conclusions are drawn in Section 6.6.
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6.2 Device Design and Simulation Framework

The device under consideration is an epitaxial layer based line tunneling FET [27] as shown
in Fig. 6.1(a). Epitaxial layer/source pockets are significant to improve the turn-on
characteristics of the device [120]. The device consists of a 3 nm epitaxial layer of Silicon and a
low bandgap Si1-xGex source is used to improve the drive capability of the device. The content
of Germanium in the source is kept at 50% in order to achieve a defect-free interface [27]. The
length of the channel is chosen as 20 nm unless otherwise stated. A high-k metal gate stack
with a dielectric layer of 3 nm HfO is selected for better electrostatic control of the gate. The
gate-source overlap length is kept varying in order to carry out our study. A heavily doped
substrate. is used along with a 10 nm thick BOX region of SiO2, as shown in Fig. 6.1(a). The
doping of drain, channel, source, and epitaxial region are 5x10'° (n-type), 1x10® (p-type),
2x10% (p-type) and 2x10"® (n-type) respectively, as done in Chapter 5.

Next, to perform 2D numerical simulations, Sentaurus TCAD tool of Synopsys Inc. is used
in this work. The dynamic nonlocal path tunneling model is used to capture the band-to-band
tunneling generation rate at all possible interface. This model utilizes the nonlocal generation of
the electrons and holes caused by the direct and phonon-assisted BTBT process. The generation
rate is calculated from the nonlocal path integration. The Kane-Keldish formula used in the

numerical simulation for the calculation of BTBT is as under [106]:

(e fam Ry
R et = AL;J expL—EJ (6.1)
Here, the prefactor A and exponential factor B are the constants of Kane-Keldish model,
and E is the electric field. These constants depend upon the reduced masses of the electron and

hole. Rests of the physical models are same as mentioned in Chapter 3.

6.3 Dependence of I on Loy: Physical Insights

This section explains the behavior of drain current with the variation in gate-source overlap
lengths. This will be used in analyzing L-TFET small signal parameters for the analog circuit
design. It may be noted that I always increases with Loy, due to the increased area of cross-
section for BTBT generation, however the rate of increment changes with the variation in Loy.
First, the cause of nonlinear increase in Ip with Loy is explained with a physical insight,

followed by a semi-empirical model for the drain current.
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Figure 6.1: (a) 3-D view and 2-D schematic of the target device. (b) The variation in drain

current with increasing Loy. (¢) The non-linear trend of Ip with Loy extracted from (b).

6.3.1 Why Iy increases sub-linearly with Loy

As shown in Fig. 6.1(b), the drain current increases almost linearly for Loy <200 nm. It is
worth highlighting here, that almost 5x increase in Ip is found when Loy is raised from 20 nm
to 100 nm as shown in Fig. 6.1(c). Afterward, a sub-linear increase in lp with Loy is noticed.
For instance, when Loy is raised from 100 nm to 500 nm, merely an increase of 3x is found in
Ip. The physics behind this phenomenon is as follows: the potential within the epitaxial region
over the source (EoS) varies with increasing the overlap length, as depicted in Fig. 6.2(a). It is
clear from Fig. 6.1(a) that the gate voltage is uniformly applied to the overlap region.
Therefore, the gate normal electric field is assumed to be uniform across the epitaxial region
underneath the gate. However, the potential reduces exponentially with the increasing Loy. This

change in the potential is due to the lateral component of the electric field, which continuously
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changes at the junction between the source and the epitaxial layer, as shown in Fig. 6.2(b). In

addition, the EoS region is fully depleted and the space charge is uniform owing to the uniform

doping of the region.
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Figure 6.2: (a) Potential profile along the line AB within EoS region [Fig. 6.1(a)]. (b) The

magnitude of the electric field at the source-EoS junction. (c) Variation in the electron band-to-

band generation and (d) electron density along the line AB [Fig. 6.1(a)].

Thus, two dimensional Poisson’s equation can be applied to estimate the potential profile

('P) of the E0S region underneath t

he gate [3]:
o'y o'y p

=-— 6.2
ax’ ay2 €, ( )
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— 4 ——= - (6.3)

Here, p is the space charge in the EoS region and E is the electric field. The general solution

of the above said equations can be represented as:
w = Aexp(ax)+ A exp(—ax) = A exp(—ax) (6.4)

Where, x = 0 at the point X3 and x = Loy at X, and a is a fitting parameter. The constant A;
= 0, otherwise the value of ¥ becomes infinite when x — . The potential of EoS region
exponentially decreases as we move away from the source-channel junction (xs) towards the far
end of the gate-source overlap (x,) [i.e. as Loy is increased] according to (6.4). The electric

field can be represented as:

d
E:——W:aAzexp(—ax)zaAz(l—ax+...) (6.5)

dx

Therefore, the electric filed at the EoS/source junction also reduces exponentially. It may be
noted that the change in the electric field with Loy is small enough [Fig. 6.2(b)]. Thus, a linear
approximation of the electric field can also be considered by neglecting the higher order terms,
as in (6.5). This approximation is justified as the vertical electric field is constant and this
change in total electric field is only due to lateral component.

BTBT at the point x, is found to be different than xs [Fig. 6.2(c)]. It is observed that BTBT
at the far end (x,) drops to 2x10%° em®s™, when compared to 6x10%° cm™>s™ at the point xs, for
Lov of 500 nm. However, the electron density at the far end is slightly more owing to a reduced
potential (4), as shown in Fig. 6.2(d). Further, the difference Ec-F, within the EoS region also
decreases as one move towards the cut plane C1 to C6 [Fig. 6.3(a)]. It is noteworthy to mention
here, the overall Ip remains always high at the increased Loy, due to the increased area of the
cross-section for BTBT.

To get further insights into the above observations, we performed the numerical simulations
on L-TFET device having Loy = 300 nm [Fig. 6.3(a)]. Next, the vertical energy bands at the
source epitaxial layer junction are obtained for various cross-sections C1-C6 at the regular
intervals (from point x3), as shown in Fig. 6.3(a). This enables us to find the change in
tunneling distance at the source-EoS junction with the increasing overlap lengths. Interestingly,
an increase in the tunneling distance is observed between the cross section C1 and C6 [Fig.

6.3(b)]. In fact, the reduced electric field causes BTBT to reduce at the far end of the overlap
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region (xn). Therefore, we may confirm that, a sub-linear increase in the Ip is caused by the
phenomenon just explained above. Hence, there must be a decaying factor associated to the
drain current at higher gate-source overlap lengths, apart from its linearly increasing trend. We
also observe similar effects in a recently reported pillar structure based line TFET [135],
however, these effects are only prominent at very high Loy, as discussed later in subsection
6.3.3.
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Figure 6.3: (a) Cross section of L-TFET underneath the gate. Equi-distant vertical cut planes
are indicated using C1-C6. Please note that the starting point of gate-source overlap region is
X3, Whereas far end is denoted by x,. (b) Band energies for cut planes C1-C6 are plotted to find

the tunneling distance.

6.3.2 Semi-empirical model for 1p-Loy characteristics

The existing analytical model assumes that Ip increases linearly with the increasing Loy [i.e.
Io o« Loy] for L-TFETs [60]. On the contrary, several experimental and simulation results
clearly indicate a non-linear relation between I and Loy [27], [31], [59], [139]. We also
observe a sub-linear increase in Ip with an increase in Loy [Fig. 6.1(c)]. Therefore, the drain
current should be predicted by considering the exponential potential profile within the EoS
region (6.4)-(6.5). In order to calculate Ip, BTBT generation rate of (6.1) can be integrated over

the overlap length, assuming the variation in other dimensions is negligible:
Ip = _[Rnetdv (66)

Substituting (6.1), (6.4) and (6.5) into (6.6), Ip becomes:
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lexp | | dx (6.7)

After simplifying and rearranging (6.7), we get:

ID o I-ov exp(_ﬁl-ov) (68)
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Figure 6.4: (a) 2D schematic of pillar based line TFET with vertical process flow [135]. (b)

Drain current changes almost linearly with Loy. (¢) Potential profile within the EoS region. (d)
Small signal model for L-TFET.

Eq. (6.8) indicates that Ip increases linearly for the smaller gate-source overlap, whereas, Ip
starts to increase sub-linearly for the higher values of Loy. The proposed semi-empirical model
is also validated against the simulation results of Fig. 6.2(c). With an appropriate selection of
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the constant B, a perfect fit between simulated and modeled data can be obtained.

6.3.3 Impact of device geometry on Ip-Loy characteristics

We observe that the geometry of the device strongly influences the nature of Ip-Lov
characteristics. For instance, a recently reported pillar based L-TFET has vertical process flow
is depicted in Fig. 6.4(a). It is to be noted, the drain is not laterally aligned with the source,
whereas the drain remains always aligned with the source in the target device [Fig 6.1(a)]. This
device exhibits almost linear dependence on Loy up to 1500 nm gate-source overlap [Fig.
6.4(b)]. This is owing to the fact that the drain terminal has very little influence on the potential
underneath the gate terminal as confirmed by Fig. 6.4(b). Thus the lateral electric field due to
the drain is not going to affect the potential profile of the gate-source overlap region. Therefore,
the potential of the gate-source overlap region remains almost flat with any further increase in
Lov, as shown in Fig. 6.4(c). On the contrary, the device shown in Fig. 6.1(a) has a more
influence of the drain on the potential within EoS region [Fig. 6.2(a)] by virtue of its lateral

drain to source alignment.

6.4 Dependence of Small Signal Parameters on Loy

This section discusses the performance of vital analog parameters with the variation in Loy
when the device operates in the saturation regime. A gate-source overlap length variation-
aware small signal model for L-TFETs is also presented, as shown in Fig. 6.4(d). The

transconductance (gm) follows the trend of Ip, hence increases with Loy [Fig. 6.5(a)], gm can be
represented as:
0 « Loy eXp(-BLgy) (6.9)

It is interesting to note that gn, will increase linearly with Loy for the pillar based structure
owing to a linear Ip-Loy behavior, as shown in Fig. 6.4(b). The output resistance (r,) is high for
the smaller gate-source overlap (Lov < 50 nm) owing to the reduced BTBT (i.e. the drive
current is small). Afterward, it decreases slightly and attains an almost constant value. It can be
observed that r, remains fairly constant for Loy > 100 nm, as shown in Fig. 6.5(a). This
happens as the EoS region is almost fully depleted, and the change in charge is not significant.
Further, a change in the potential due to Vps is prominent near the point xs of the EoS region.

Besides, the influence of the drain on the far end of the tunneling junction gets diminished, as
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the gate-source overlap is increased, resulting in r, to remain almost invariant at the larger Loy.
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Figure 6.5: Performance of analog parameters with the gate-source overlap lengths (a)
Transconductance and output resistance (b) Gate capacitances (c) Intrinsic gain and unity gain

cutoff frequency. (d) Variation in gn/lp with drain current.

It worth highlighting, a decrease of ~ 30 % is observed in r, when Loy is increased from 20
nm to 100 nm. Whereas, less than 10 % decrease in r, is found when Loy is increased from 100
nm to 500 nm. These results can also be justified by carefully examining the variation of the
surface potential and electron BTBT along the gate-source overlap of 500 nm [Fig. 6.2(a)-(c)].
A sharp decrease in the potential and electron BTBT is observed up to the overlap segment of

100 nm. Thereafter, a sluggish response of these physical quantities is expected, as discussed
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above. This distinct feature of r,-Loy relation can be explored in circuit design. For instance,
the voltage gain of an amplifier can be adjusted with an appropriate selection of Loy, without
much affecting its r, and bandwidth. In contrast, an increase in the width to improve the drive
capability of the device will result in a degraded bandwidth and outputresistance owing to the
fact that the influence of drian will remain same. Initially, r, exhibits an exponentially decaying
relation with Loy, and then attains a constant value, as shown in Fig. 6.5(a), and can be
approximated as:

r, =Ry —Ryexp(-olgy) 6.10

Where, R;, R, and o are the fitting constants. However, for Loy > 100 nm, r, can be
considered independent of Loy for the small signal modeling, as r,, is almost constant.

The variation of the gate capacitance with Loy is shown in Fig. 6.5(b). The gate-drain
capacitances (Cgyq) are almost invariant of Loy in the saturation regime. This is owing to the fact
that the channel is almost depleted in the saturation, thus the overlap lengths will not affect Cgyg.
However, the gate-source capacitance (Cgys) increases linearly with Loy, due to an increase in
the cross section area of tunneling. Therefore, Cgys is found to be proportional to Loy in the
saturation regime. The first order modeling of the capacitances in the saturation regime is
straightforward and can be represented as:

Cga * Flloy) 6.11
Cys * Loy 6.12

The basic small signal model for L-TFET is shown in Fig. 6.4(d). The intrinsic gain always
increases with Loy, as the transconductance increases. These increasing trends are sub-linear as
in the case of Ip and gn,. However, a reduction in unity gain bandwidth [Fig. 6.5(c)] is observed
due to the increased gate-source capacitance. It may be noted that almost Loy independent
nature of Cgyq is useful in many circuits, as the miller capacitance will not change with Loy. The

value of, gn/lp [Fig. 6.5(d)] in subthreshold region can be formulated as:

g |I’1(10)

6.13

Ib ss

For FDSOI and FinFET technologies at the room temperature, SS > 60 mV/decade, due to
the thermionic emission of the carriers and it cannot be scaled down further. Therefore, gn/lp is
always less than 38.37 for FDSOI and FinFET technology [Eg. 6.13]. However, gu/lp is

sufficiently high for TFETSs because of their inherent BTBT transport mechanism.
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6.5 Impact of Loy on the Analog Circuit Design

As explained in the previous section, Loy is an important design parameter for the analog
circuits. Therefore, this section explores the significance of Loy variation over the width
variation for designing a common source amplifier. Here, p-type L-TFET is used as a current
source load with its gate terminal connected to Vpizs, as shown in Fig. 6.6(a). For a p-type L-
TFET, SiGe is kept in the epitaxial layer in order to obtain the CMOS compatible drive
currents. An opposite and equal doping of n-type L-TFET is used in the different regions of p-
type L-TFET. The saturation voltages are determined by our Vpsat extraction method [136]. To
perform the circuit simulations, electrical characteristics (I-V and C-V) of L-TFET are extracted
using numerical TCAD simulations for the finely varying gate and drain voltages. Next, a
Verilog-A based look-up table approach is used to interpolate these data [92]. These Verilog-A

models are used to predict the gain and bandwidth of CS amplifier in SPICE environment
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Figure 6.6: (a) Schematic of Common Source Amplifier (b) Frequency response of the common
source amplifier. The DC output voltage is kept Vout = Vpp/2 for all the cases, where Vpp = 0.6
V. Please note that width and Loy of n-LTFET (M1) are varied while keeping the parameters of
p-LTFET (M2) unchanged.

First, we design a CS amplifier with Loy = 20 nm for both n- and p-L-TFETs. The output
voltage (DC operating point) of the CS amplifier is adjusted to be Vpp/2 for all the experiments.
The voltage gain and bandwidth of the said amplifier are measured as ~23 dB and ~2.67 MHz

respectively, as shown in Fig. 6.6(b). Next, Loy of n-L-TFET is increased to 50 nm without
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affecting the other parameters. This provides a voltage gain (bandwidth) of ~31 dB (~2.3
MHz), because of an almost 2.5% increase the transconductance of n-L-TFET. This also
matches with our Loy variation-aware semi-empirical small signal model [Eq. (6.8)]. Therefore,
our proposed model can be used for the analog design. With a 2.5% increase in Loy, the
bandwidth decreases by almost 10 % because Cgys increases linearly with Loy [Fig. 6.5(b)]. On
the contrary, we observe an almost 2.4x improvement in Ay when Loy is raised from 20 nm to
50 nm. In addition, for a similar (2.5%) increase in the device width, merely 21.6 dB of gain is
observed with a bandwidth of ~2.6 MHz. This is because of the fact that the device
capacitances increase and the output resistance decreases with the increasing device width.
Besides, it is very difficult to achieve Ay of ~31 dB by merely increasing the device width. We
obtain a maximum Ay ~28 dB and bandwidth of ~1.9 MHz, with a 5x increase in the device
width. Therefore, we strongly believe that Loy variation in L-TFETs can be used as an

important design parameter in the analog circuits.

6.6 Conclusion

In this chapter, the dependence of small signal parameters on Loy is illustrated with a
mathematical model. We explained a reason behind the sub-linear dependence of the drain
current on the gate-source overlap lengths for L-TFETs. This happens as the impact of the
lateral electrical field due to drain diminishes at the far end of the gate-source overlap. The
exponentially decaying potential profile in the gate-source overlap region is obtained from the
two dimensional Poisson’s equation. This also confirms a sub-linear trend of Ip-Lov
characteristics. Therefore, a semi-empirical model for Ip-Loy relation is established for the
device under consideration. Further, a linear dependence of the drain current on Loy can be
obtained using pillar based L-TFETSs, whereby, the influence of drain bias is not significant on
the tunneling junction. An increase in Loy causes gn to increase, whereas, r, remains almost
unaltered at the higher Lov. The value of Cyq is almost independent of Loy, while Cgs increases
linearly. Finally, the gate-source overlap variation-aware small signal model is also presented
for L-TFETSs. The voltage gain of the CS amplifier increases from 23 dB to 31 dB without any
significant decrease in the bandwidth, when Loy is increased from 20 nm to 50 nm. Therefore,
the parameter Loy, When compared to the variation in the device width, provides an additional

degree of freedom to the circuit designer.
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Chapter 7

Conclusions and Future Scope

In this chapter, we conclude the major findings and the novelty of our work. TFETS are
most suitable for the ultra-low power analog applications, such as IoT sensors. In this thesis,
the biasing strategies and the small signal models are examined to obtain the optimal analog
circuit performance. A physical insight of the drain current saturation in TFET is
comprehensively presented and an extraction method to determine their Vpsar is also
illustrated. The impact of body bias and the gate-source overlap length on the epitaxial layer
based line TFETS are also discussed. Loy is an important design parameter in the analog circuit
design; therefore, Loy variation-aware small signal model is derived in this work. Moreover,
the analog design aspects of TFETs are discussed using the device/circuit interactions. The
physics discussed here is focused on the general trends and is immensely useful for developing

the future analytical model for analog circuit design using TFETS.

7.1 Conclusions

We have proposed a novel Vpgsar extraction method to estimate the onset of soft and deep
saturation voltages for the point TFET using a phenomenological approach. It is found that Vgp
remains constant in both the soft and deep saturation regimes. The extracted value of the soft
saturation voltage is Vg.r = Vis — VMPS and for the deep saturation voltage is Visar = Vs,
where V9% is the voltage at which the strong inversion in the channel of TFET is attained.
Vpsat Vvaries linearly with Vgs, hence it is feasible for the circuit designers to estimate the bias
points accurately. The proposed method is further validated through the numerical TCAD
simulations and the experimental data. The total gate capacitance remains at minimum in the
soft/deep saturation; hence a large bandwidth is expected for the amplifier. A common source
amplifier biased in soft saturation is demonstrated to have a comparable voltage gain and

bandwidth to the one biased in deep saturation. Further, a detailed investigation regarding the
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influence of device design parameters on Vpsat and the analog performance of the device is
performed with an in-depth explanation.

We presented a comprehensive physics based explanation of the output current saturation
and an extraction method of Vpsar for the line tunneling based TFETS, for the first time. The
experiments carried out in this work show that Vpsat of L-TFET does not change with Loy. The
values of Vpsar are extracted from the capacitance-voltage characteristics, measured for the
different gate-source overlap lengths. A change in the values of tep; and ngp significantly shift
the onset of soft saturation condition in the L-TFETS, consequently, this also impact the analog
performance. Overall results -indicate that our method adequately allows determining the
optimal terminal voltages for biasing L-TFETs based analog circuits in the soft and deep
saturation regimes. A nominal change of ~ 5 % in the voltage gain is observed when the driver
transistor of the common source amplifier is either biased in the soft or deep saturation regime,
without any significant change in the bandwidth. This confirms the necessity of the correct
estimation of VDS'S‘qufor the appropriate biasing of circuits. Finally, the optimization guidelines
to quantify the device/circuit analog performance are also presented for the TFET research
community by considering the impact of device design parameters.

We presented strong arguments for the modulation of the drain current of L-TFETs with the
body bias. An increase of 40-60 % in the drain current of L-TFET is observed with the change
in Vgs. As per the trends of electron/hole quasi-Fermi energy levels, Ip-Vgs characteristics
assume different shapes. A mathematical model to determine Vgsar is proposed for the circuit
designers. The linear dependence of Vgsar on Vgs is also confirmed by simulations and
mathematical models. This happens as both 4Ec and ¥ are linear with Vgs. We investigated
that the change in Vpsat with the body bias is not symptomatic. However, Vgsat fluctuate with
the change in epitaxial layer thickness, channel length, and the gate-source overlap length. We
demonstrated that the intrinsic gain and unity gain cut-off frequency are significantly improved
with the reverse Vgs. This improvement is dictated by the enhanced gm,, while the gate
capacitances are almost independent of Vgs. The superior drive capability and analog
performance due to the body bias can be further exploited in the L-TFETS based circuit design.

Finally, Loy variation-aware semi-empirical small signal model for the L-TFET based
analog circuit design is figured out. We explained a reason behind the sub-linear dependence of
the Ip on Loy for L-TFETSs. This is because the impact of lateral electric field on the far end of

the gate-source overlap region diminishes. The exponentially decaying potential profile in the
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gate-source overlap region is obtained from the two dimensional Poisson’s equation.
Thereafter, a semi-empirical model for Ip-Loy relation is established for the device under
consideration. An increase in Loy causes g, to increase, whereas, r, remains almost unaltered at
the higher Lov. The value of Cyq is almost independent of Loy, While Cgs increases linearly. The
performance of common source amplifier is predicted using our model and also validated with
the numerical TCAD simulations. The voltage gain of the CS amplifier increases from 23 dB to
31 dB without any significant decrease in the bandwidth, when Loy is increased from 20 nm to
50 nm. On the other hand, it is not feasible to achieve a gain of 31 dB while increasing the
device width. Therefore, Loy provides an additional degree of freedom to the circuit designers,
when compared to the variation in the device width. Furthermore, a linear dependence of Ip on
Lov Is obtained using the pillar based L-TFETS, whereby, the influence of lateral electric field

is not significant on the tunneling junction.

7.2 Future Scope

In this section, we present the problems which we could not address during this tenure.
Some of the left over interesting problems are as under:

e There is a strong need to develop a compact analytical model for the epitaxial layer
based line TFETS to accurately capture the physics of the device.

e In most of our work, we have not considered the non-ideal effects, i.e. strain in the
device, gate leakages, and interface traps. These parameters may affect the saturation
voltages and the analog performance of the device. Thus, these aspects may be
addressed in the future work.

e A bias-dependent small signal model for both line and point TFET is required to be
developed, which should be aware of the variation in vital device design parameters
viz. source/drain/epitaxial layer doping, channel/epitaxial layer thickness and channel
lengths.

e The body bias and gate-source overlap significantly improves the drive capability of
the device. The impact of Vgs and Loy on the L-TFET based ultra-low power

analog/digital circuits is yet to be explored.
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