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Abstract

Energy efficiency limit has become the main obstacle for power-constrained applications using
the conventional silicon complementary metal-oxide-semiconductor (CMOS) technology. In
particular, the supply voltage scaling has slowed down in the past few technology generations
due to the 60 mV /decade fundamental limit for on-off switching in MOSFETSs, which prevents
the reduction of the energy per operation in today’s circuits and systems. To mitigate this
challenge, Tunnel FETs or TFETSs are envisioned as a viable alternative to achieve the steep on-off
switching (SS<60 mV/dec) at low supply voltages and fabrication process, which is compatible
with CMOS technology. Gate-controlled BtB tunneling phenomena enable the switching in
TFETs at the source channel p-n junction.Tunnel FETs, which are gated PIN diodes whose on
current I,, arises from band-to-band tunneling, are desirable for ultra-low power applications
due to their low off current I,7; and reduced inverse Sub-threshold Slope SS. Furthermore, a
fundamental disadvantage of TFETSs is that their ON-state current is significantly lower than
that of MOSFETs.

This thesis proposes different types of TFETs for digital, analog, and ternary logic applications.
The first DGLTFET device has been optimized such that device characteristics are superior
to equally sized 45 nm MOSFETSs for analog applications. TFETs show excellent current
saturation characteristics and negligible channel length modulation effect, which is detrimental
in MOSFETS, especially at lower technology nodes. As a result, output resistance r, in the
saturation region is a high order of 10° Ohms. In the proposed TFETs, vertical BtB tunneling
has been used compared to point tunneling in conventional TFETSs given a more BtB generation
rate, which improves I, as well as g,,. DGLTFET has thrice the on currents I,,, at least one
order lower off currents I,s ¢, twice the transconductance g,,, at least two orders higher output
resistance r,, and at least two orders higher overall intrinsic gain ¢,,r, than the equivalent
metal oxide- semiconductor field-effect transistor (MOSFET) having the same width at the
same technology node. Device optimization has been carried out by studying the impact of
various device parameters and dimensions on performance. In this work, we have optimized the
DGLTFET device by changing critical parameters like the epi-layer thickness t., and its doping
concentration n.p, which seriously influence the line-tunneling behavior. Optimizing the critical
parameters for enhanced line-tunneling leads to improved analog performance parameters like

Jm » To, and, finally, superior analog circuits.

We have compared the performance of the proposed devices with the TFETSs reported earlier in
the literature and the standard 45 nm MOSFETs. TFET characteristics were simulated using
synopsys® TCAD tools, while circuit performance was benchmarked with the standard 45 nm
CMOS library using cadence@®) EDA tools. The performance of the DGLTFET was benchmarked
with the equivalent MOSFET in fundamental analog VLSI circuits, namely, Common Source CS

amplifier (resistive and cascade loads), current mirror (single-stage and cascode configurations),



and a two-stage op-amp. The AC gain of cascode CS amplifier based DGLTFET devices is
observed to be 30 dB higher gain compared with MOSFETs. DGLTFET CS amplifier has a
gain-BW product or unity-gain BW fr of 15 GHz, while the MOSFET CS amplifier with the same
bias current is 10 GHz. The DGLTFET current mirror has at least three orders of magnitude
higher output resistance Ry, than the corresponding MOSFET current mirror. Similarly, the
common-mode rejection ratio (CMRR) of the DGLTFET op-amp is 57 dB compared to the
CMRR of 33.5 dB of the equivalent design in the standard 45-nm complementary metal-oxide
semiconductor(CMOS) technology.

Vertically grown TFETs are preferred as they allow the integration of more TFETs on a
single chip, increasing device density. This thesis work presents a Vertical Line-Tunneling
FET (VLTFET) optimized for superior performance in analog applications. The saturation
mechanism, DC, and small-signal behaviors are physically explained with the help of energy
band diagrams, electron density, and tunneling width parameters. VLTFET has higher output
resistance r, owing to the independence of the drain bias on the band-to-band (BtB) generation.
Increasing the source-gate overlap length L, from 0.1 gm to 0.5 pm triples the transconductance
Jm, Maintaining r, constant, resulting in thrice the intrinsic gain A,,. In analog circuits using
conventional MOSFETSs, g,, increases and r, decreases with increasing width W. On the other
hand, in analog circuits using VLTFETSs, A,, can be enhanced by increasing L,, which increases
gm without affecting r,. Unity-gain BW fr (or the GBW product) is dominated by the relative
change in the overall gate capacitance Cgg and g, due to change in L,,, since both ¢,, and Cga
are proportional to L,,. However, in analog circuits with realistic capacitive loads, fr rapidly
increases with L.,. VLTFET-based cascode CS amplifiers provide a 10 dB increment in its gain
as Ly, is increased from 30 nm to 100 nm. Similarly, a VLTFET-based cascode current mirror
shows a theoretical output resistance R, in the order of 10'" Q, behaving as an ideal current

mirror/source.

In this thesis, we have proposed GOTFETSs for prospective digital applications . Its on-state
currents I, at least twice (Ion,cor> 2Ion,mos) With off-state currents I,¢ remaining at least
an order of magnitude lower (I,rrcor <0.11,ff1m0s), than the corresponding equally-sized
MOSFETSs at the same 45 nm technology node. The proposed GOTFET designs are targeted
for higher I,, leading to high-speed operation and lower I,;; to minimize static leakage in
ultra-low-power digital applications. This work further modified the GOTFETSs for low and
high threshold transistors (LVT & HVT) for ternary logic applications. These devices are
designed in such a way that the low and high threshold voltages (Vi,, & Vi, ) are Vpp/3 and
2Vpp/3 respectively, with the ranges {0 to Vpp/3}, {Vpbp/3 to 2Vpp/3} & {2Vpp/3 to Vpp}
representing the three logic states 0, 1 & 2 respectively. Proposed LVT & HVT TFETs have on
currents (/o) roughly twice and off currents (I,f¢) at least an order of magnitude lower than the
corresponding MOSFETs. Dual threshold GOTFETSs proposed in this work use single devices

by altering their terminal connections.
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Along with analog circuits, this thesis shows the performance of GOTFETs-based digital circuits.
Proposed GOTFETSs outperform similar CMOS designs in both aspects of the speed of operation
and power consumption. This work proposes the GOTFET-based basic building blocks of
digital circuits like an improved double tail comparator, ultra-low-power dynamic adder, an
ultra-low voltage Schmitt trigger, and ultra-low-power ternary flash ADC circuits. The proposed
circuit-level modifications in this Complementary GOTFET (CGOT) circuits have not only
resulted in significantly lower static power due to TFET technology but also helped achieve
faster circuit operation (lower delays) than the corresponding CMOS circuits. The overall Power
Delay Product (PDP) in the proposed improved GOTFET-based circuits is only 1-5% of the
PDP of the corresponding conventional CMOS-based circuits.
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Chapter 1

Introduction

1.1 Motivation and Related Work

The overall power consumption has increased over the past decade with continuous scaling
and an increasing number of transistors per unit area. In power-constrained applications, in
order to minimize the dynamic power Py, consumption, we need to scale the supply voltage,
Vbp, and correspondingly, the threshold voltage, V;, to maintain the same on-state current, I,,,
for the same performance [1, 2, 3]. However, in CMOS technology, static power consumption
increases with the scaling of V; due to increasing leaking currents. Reduction of static power
consumption is a prominent challenge in modern computing systems, from mobile System on Chip
(SOC) to data center applications. In order to maintain the same performance as required I,
current and power consumption, Vpp has been scaling down in the latest technology generations.
In order to address the static power consumption problem, researchers worldwide have been
exploring new transistors in the recent past. New devices such as carbon nanotube FETs
(CNFETS), graphene FETs (GFETSs), and tunnel FETs (TFETSs) are designed by changing the
structure and material properties of conventional MOS devices. Among these devices, TFETs
are considered the most promising “beyond-CMOS” technology due to their compatibility with
standard CMOS technology and superior inverse sub-threshold slope, SS characteristics of lower
than 60 mV/dec at room temperature (T=300 K), which is the theoretical minimum SS for
CMOS technology. Having lower SS than similar MOSFETSs, TFETSs can switch between the
on and off states consuming lower Py, than equivalent MOSFETSs, while lower I,; ensures
lower leakage power than equally-sized MOSFET counterparts at the same technology nodes
[4, 5]. The TFET technology replaces conventional diffusion-based minority carrier injection

1
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in the case of MOSFETSs with Band-to-Band (BtB) tunneling-based minority carrier injection
into the channel [6, 7]. TFET’s basic structure is the gated PIN diode whose I, arises from
BtB generation [8]. This significantly improves SS and power consumption characteristics
far beyond the standard CMOS technology [9, 10]. SOI-based structures [11, 12] have been
reported to overcome short-channel effects, lower SS, improve soft-error immunity, and improve
electrostatics. If we want to replace the current MOSFETSs in VLSI circuits with TFETs as
viable switches [13, 14, 15], the TFET-based circuits must be as fast as the MOSFET's should
have the same fan-out in the same circuit. However, the major limitation of traditional TFETSs
is that I, is significantly lower than that of MOSFETSs, and their inherent, am bipolar behavior.
Inhomogeneous materials I,,:1,¢s ratio is poor, so it is difficult to get simultaneously high I,,
and low I,r¢ . In order to obtain high I,, currents, E; should be low. However, I,f; also
increases due to Shockley Read Hall, SRH, generation-recombination mechanism. Heterojunction
materials [16] are employed simultaneously to improve I, currents and lower the I,¢; currents.
To further improve I,,, properties of the gate stack, such as the gate materials, gate oxide
thickness t,,, and the oxide dielectric constants eqx, etc., have been engineered for optimal
characteristics. Multiple gate structures like double-gate [17], gate-all-round [18], etc., improved
gate control over the channel potentials improving the I,, current. Researchers are actively
investigating alternative materials to Silicon, like Germanium [19, 20], III-V semiconductors [21,
22, 23], Nanowires [24], 2D transition metal dichalcogenides [25], etc., have been employed to
boost I,, by reducing tunneling distances. Spacer engineering [26], asymmetric gate structure
[27], and strain Engineering [28] improve the I, in TFETs. Along with gate on source overlap

[29, 30, 31]and source pocket [32, 33] structures were explored to improve I,, further.

Several researchers have analyzed the competitive benefits of TFET inverters vs. MOSFET-based
CMOS inverters [34, 35, 36]. It indicates that TFET inverters are faster and more energy-efficient
energy-efficient at lower supply voltages. At a low supply voltage, Vpp = 0.25 V, TFET inverters
perform ten times faster than FinFET inverters for the same static power dissipation [37]. At
Vpp=0.6 V, the authors have demonstrated an improvement in the energy consumption, and
latency of the Manchester carry chain adder dynamic logic circuit utilizing the TFET compared
to the FInFET [38]. A 4T TFET SRAM cell is 100 times faster than a low static power (LSP)
6T CMOS SRAM cell and uses three times less standby power than a high-performance (HP) 6T
CMOS SRAM cell. In [39], the authors explained the possibility of Mixed TFET MOSFET 8T
SRAM cells. The combination of TFET and MOSFET cells is more stable and efficient than the
MOSFET and TFET cells alone. In addition to SRAMs, additional intriguing applications using
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TFETSs and flip-flops are also being studied [40, 41, 42].

TFETs have been investigated predominantly for digital applications and as a replacement
for conventional MOSFETSs for logic applications due to their superior sub-60 mV/dec SS
characteristics and their higher I, : If¢ ratios [3]. At low supply voltages, TFET-based digital
circuits have better energy efficiency compared to conventional CMOS. However, researchers
have recently evaluated the merits of TFETSs in different analog circuits. DC characteristics
such as SS, I,¢r , threshold voltage, V;, transconductance, g,,, output resistance, r,, intrinsic
gain,g,, 7o, unity gain cut-off frequency, fr are important analog parameters for bench-marking
the TFETs with CMOS. The current saturation mechanism in the output characteristics of
the TFET is quite different from the saturation mechanism of conventional MOSFET. As the
channel becomes free from carriers, the currents in TFETs saturate, and the impact of drain
potential on the source channel tunnel junction becomes negligible. Therefore, TFETs exhibit
excellent current saturation and do not show channel length modulation. As a result, r, of the
TFETs are very high compared to MOSFETs. Due to high r,, the intrinsic gain A,, of the
TFETSs is higher than MOSFETSs [43].

In earlier papers [44, 45], CS amplifier with active load had been designed using gy, : Ip ratio
method, AC gain is improved in heterojunction TFETs, HTFETSs, and compared with FinFET
with 14 nm technology. In [43], authors compared the performance of InAs homojunction and
GaSb-InAs heterojunction TFET with Si TFET and applied to analog building blocks. The
performance of analog circuits such as operational transconductance amplifier, OTA, using
gm : Ip in the sub-threshold region was studied for low-frequency operations. TFETs and
HTFETSs give higher DC gains than CMOS due to their higher output resistance. In [46, 47],
authors showed improved performance of TFETSs in cascode current mirror circuits due to their

higher output resistance r,.

1.2 Objectives, Research Gaps, and Scope of this Work

Based on the literature review, the following are the research gaps and issues in TFET devices
that are investigated, and the best possible LTFET structures have been proposed as part of the
PhD thesis.
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The first aim of this research is to optimize the design of the TFET device, which will be used
for designing novel analog and digital circuits with significant improvement in the performance
parameters of the circuits for ultra-low power applications. Following are the proposed deliverable
of this research problem, which is going to be investigated, and the optimal solutions will be

addressed as part of this Ph.D. thesis

1. Most of the TFETSs reported in the literature have low r, and g¢,,, which affects their
analog performance. There is a severe need to modify the design of conventional TFETS,

resulting in higher r, and g¢,,, which subsequently improve the analog performance.

2. In the literature, TFETSs shown the device performance parameters improvement, but they

didn’t discuss the circuit performance.

3. Most TFETS in the literature explain how affecting the gate overlap on source length (L,,)
improves digital circuit performance; they didn’t discuss the analog performance of their

circuits.

4. Most of the TFETSs in the literature have very low I, compared to MOSFETSs. There is a

substantial need to design a TFETSs resulting in higher I,,, lower I,f;, and lower SS.

5. Loy, places a significant role in LTFET devices. This thesis demonstrates the effect of L,

on analog performance parameters and the circuits.

6. The Ternary logic design has received considerable attention from researchers worldwide
because of its many advantages compared to digital logic. Hence there is a need to design

the multi-threshold TFETs for ternary logic applications.

1.3 Operating Principle of the Tunnel Field Effect Transistor

In MOSFETS, carrier injection is controlled by an electrostatic potential barrier at the source-
channel pn junction. Minority carriers are injected from the source to the channel through
diffusion transport. Only those injected minority carriers with energies exceeding the energy
barrier can form the inverted channel and contribute to the I,,. On the other hand, TFETSs are
reverse-biased gated p-i-n tunnel diodes. These devices have asymmetric source and drain doping.
Switching in TFETSs is enabled by gate-controlled Band-to-band, BtB, tunneling phenomena

at the source-channel junction [5]. Figure 1.1 shows the energy band diagram of an nTFET in
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different switching states. In its on state, band bending occurs at the source-channel junction
hence the electrons from the valence band tunnel directly into the conduction band of the channel
region. TFET is in its off state when the conduction band of the channel lies above the valence

band of the source, preventing BtB tunneling, as depicted in Fig 1.1.

E

C
p* source

7 £,
channel <---|-- BTBT inhibited
n* drain dueto
non-availability
—/ OFF-state

of states

p* source

EV
Electron
injection
n* drain channel due to BTBT
allowed
ON-state as bands overlap

FIGURE 1.1: Energy band diagram of an nTFET [5]

1.4 Contributions

This thesis proposes many innovative Tunnel FET devices for ultra-low-power digital, ternary,
and analog circuits. The proposed TFET performance has been compared with industry-
standard MOSFET at a 45 nm technology node. TFETSs are considered the most promising
“beyond-CMOS” technology due to their compatibility with standard CMOS technology and
superior inverse SS characteristics of lower than 60 mV/dec at room temperature (T=300 K),
the theoretical minimum SS for CMOS technology. In addition, TFETSs exhibit excellent current
saturation and do not show channel length modulation; as a result, r, of the TFETSs are very
high compared to MOSFETSs from an analog perspective. Due to higher r,, the intrinsic gain
Ay of the TFETSs is much higher than MOSFETSs [43]. In double-gate TFET (DGLTFET),
structure has been modified to get the double transconductance g,,, and two order higher output
resistance 7, than the MOSFETs. Therefore, two orders higher overall intrinsic gain g,,r, were
observed with proposed TFETSs than the MOSFETSs at the same technology node. Due to its
several benefits over digital logic, the ternary logic design has attracted substantial interest from

researchers throughout the globe. Therefore, we have built TFETs with low Vp and high Vp for
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ternary logic applications. The most exciting aspect of the proposed TFET is that, in the same
device structure, we may get the optimum performance of low and high threshold (LVT & HVT)

devices simply by adjusting the device’s material and doping parameters.

The primary contributions of this thesis are as follows:

1. Double-gate line-tunneling field-effect transistor (DGLTFET) device optimized for superior

analog performance.

2. Design of DGLTFET-based analog building blocks like CS amplifier, Current mirror circuits,
and op-amp. Its performance has been compared with MOSFET at the same technology

node.

3. Design of VLTFET devices at 20 nm technology node and the effect of L,, on analog
performance. In addition, we shown the CS amplifier and current mirror circuit performance

with L,, changes.

4. Design of innovative Multi-Threshold GOTFETSs for superior ultra-low-power ternary

circuits at 45 nm technology node.

5. Design of GOTFET-based VLSI circuits and its performance parameters like speed and
power compared with MOSFET at 45 nm technology node.

1.5 Thesis Outline

This thesis is organized as follows:

Chapter 2 examines the optimization of the double gate LTFET structure for twice the
transconductance g, at least two orders higher output resistance r,, and at least two orders
higher overall intrinsic gain g,,7, compared to an equivalent MOSFET with the same width and
technology node. In these devices, the epi-layer plays a crucial role for BtB tunneling. This
chapter discusses the impact of epi-layer doping n., and thickness ., on the analog performance
of these devices. The performance of a device has been optimized by analyzing the effect of

various device parameters and dimensions on analog performance.
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Chapter 3 discusses the circuit performance of the DGLTFET devices and its performance
bench-marked with the equivalent MOSFET in fundamental analog VLSI circuits, viz., CS
amplifier (both resistive and cascode loads), current mirror (both single stage and cascode
configurations), and a two-stage op-amp. This chapter explains the compact SPICE simulation
methodology for circuit simulation. AC and DC analysis of CS amplifier using DGLTFET devices
has been analyzed in this chapter. This chapter shows the impact of output resistance Ry in
the current mirror using these devices. The influence of CMRR on op-amp with DGLTFET

device aspects is investigated in this chapter.

Chapter 4 discusses the effect of the gate on source overlap length L,, in VLTFET
devices on analog performance parameters. In addition, this chapter explains the impact of L,

on AC gain in CS amplifiers and the effect of output resistance R,,; on current mirror circuits.

Chapter 5 discusses the GOTFET devices for digital and ternary ultra-low power circuit
applications, and its performance has been bench-marked with MOSFET at a 45 nm technology
node. The proposed device designs are targeted for higher I, leading to high-speed operation,
lower I,¢s to minimize the static leakage and SS for ultra-low power digital applications. Also,
introduce low and high V; GOTFET devices for ternary logic applications. These devices are
designed so that the low and high threshold voltages are Vpp/3 and 2Vpp/3 respectively. This
chapter also presents dual-threshold GOTFETSs that exhibit both LVT & HVT characteristics by

simply altering their terminal connections in the same device instead of the dedicated devices.

Chapter 6, Ultra-low-power digital circuits based on suggested GOTFETSs were compared
against the identical circuit based on 45 nm CMOS industry-standard devices. The typical
digital gates, double tail comparator, dynamic full adder, schmitt trigger, and ternary flash ADC
circuits are evaluated in this chapter. Digital circuits built on GOTFETSs outperform equivalent

CMOS systems in terms of both operating speeds and power consumption.

Finally, Chapter 7 summarizes this thesis’s contributions and proposes recommendations

for future work.



Chapter 2

Double-Gate Line-Tunneling FET
(DGLTFET) Devices for Superior

Analog Performance

2.1 Introduction

Due to their superior saturation characteristics, line tunneling-based Si TFETSs were recently
explored for analog applications [48, 49]. Authors [29, 50] explained the influence of epi-layer
thickness t., and doping ne, on the device performance parameters like I,,, I,rs & SS. This
chapter optimizes the LTFET structure for superior analog performance parameters like g,,,
To, Rout, Ad, Acym & fr, and applies it to different analog building blocks. To improve the
intrinsic gain, DGLTFET yields twice the g,, and two orders higher r, owing to the epi-layer
sandwiched between the gate and the source, resulting in excellent saturation characteristics.
The performance of DGLTFET analog circuits was benchmarked with MOSFET circuits at the

45 nm technology node.
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Vas (Front Gate)

Vas (Back Gate)

FIGURE 2.1: (a) Schematic cross-sectional view of the proposed DGLTFET device. (1) p*
Sig.5Geg.5 source (2) p~ Si channel (3) n* Si drain (4) n™ Si epitaxial layer (5) HfO2 gate oxide
(6) Al metal gate (7) SiO2 spacer oxide.

(b)
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FIGURE 2.2: (a) Electron and (b) hole BtB tunneling rate in nDGLTFET & pDGLTFET
respectively.
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2.2 Proposed DGLTFET device structure and its characteris-

tics

2.2.1 DGLTFET device structure

Fig. 2.1 shows the schematic and Fig. 2.2 BtB tunneling of the nDGLTFET and pDGLTFET.
tep and nep are the major critical parameters for analog performance, which are appropriately
optimized for superior performance. To benchmark the performance of DGLTFET analog circuits
with the industry-standard CMOS circuits, we have used an effective channel length of 45 nm in
the device and simulated the device-level characteristics using the industry-standard synopsys®
TCAD tool [51]. In the DGLTFET, SiGe source and Si channel have been used to form a
heterojunction, enabling higher I,, and lower I, compared to conventional homo junction
TFETs. However, analog circuits require a flat saturation region in Ip-Vpg characteristics, as
shown in Fig 2.8, which implies higher output resistance r,. Therefore, to maximize r,, we have
sandwiched a 3 nm thick epi-layer between the source overlap and the channel region and used a
3 nm thick high-x dielectric (HfO3) as the gate oxide [52]. Aluminum (work-function ®,,=4.15
eV), Zn polycrystalline (®,,=4.9 eV) metals for n-type and p-type DGLTFETS used as the gate
material yields lower threshold voltage V; and higher I,,. Table 2.1 lists the device parameters,
doping concentrations of all the regions and the work functions of the gate metals for both
pDGLTFET & nDGLTFET. The numerical simulations include (i) the Wentzel-Kramer-Brillouin
(WKB) approximation along with 2-band dispersion models from TCAD [53] to get more accurate
BtB tunneling across all the regions, (ii) fine non-local meshing defined across the tunneling
junctions, (iii) the effects of trap-assisted-tunneling (TAT) captured by the Shockley-Read-Hall
(SRH) recombination model along with the field-enhanced Schenk TAT model [54, 31], (iv) the
Fermi-Dirac statistics, (v) doping-dependent mobility models, as well as (vi) band gap narrowing

models.

2.2.2 Calibration of the simulation deck with experiments

The parameters in our simulation deck, primarily the tunneling effective masses m., my, the
SRH recombination time 7,4, and the effective phonon energy Aw have been calibrated with
a previously reported experimental work [55]. Fig. 2.4 shows the close agreement of the
simulated device characteristics with the experimental data published in [55] using the calibrated

parameters used in this work, validating our simulation deck. In order to cross-verify our
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TABLE 2.1: Parameters of the generic DGLTFET devices.

Parameter Units nDGLTFET pDGLTFET
Channel length L., nm 45 45
Source length Lg nm 50 50
Drain length Lp nm 40 40
Gate/Epitaxial layer length L, or Lg nm 65 65
Gate oxide thickness t,, nm 3 3
Channel thickness tg; nm 10 10
Epi-layer thickness ¢, nm 3 3
Gate-source overlap length L, nm 20 20
Spacer length L, nm 30 30
Source doping Ng Jem® 2x10%° pTSiGe 2x10%° n'*Si
Channel doping N, Jem? 106 pSi 1016 nSi

Drain doping Np
Epitaxial layer doping N,
Gate work-function ®,,

Jem3 5x101° ntSi 5x101? p*Si
Jem3 2x101® ntSi 2x1018 p*SiGe
eV 415 Al 4.9 poly Zn
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FIGURE 2.3: Ip-Vpg characteristics of nDGLTFET & nMOSFET for different values of Vg
and (b) Is-Vsp characteristics of pDGLTFET & pMOSFET for different values of Vg¢.
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simulation parameters, our parameters were essentially the same as that used in [53], where

the authors calibrated their simulation deck with the results in [55] for their simulation-based

work published earlier. It is interesting to note that the simulation results (dotted lines in Fig.

2.4) show much lower I,y than the measured data (bold line in Fig. 2.4, reproduced from [55]).

This discrepancy can be attributed to the noise currents, which are in the order of pA, which

get reflected in the measurements but cannot be captured in the simulations. However, as the

circuits reported in this work will operate in the order of A /um, currents below 0.01 pA/pm
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FIGURE 2.4: Calibration of the simulation deck with the Ip-Vzg characteristics measured from
a prefabricated device at Vpg=2.5 V[55]

may be considered as if the device is practically off or in the sub-threshold regime, as the V;a3

V in the device of [55], evident in Fig. 2.4.

2.2.3 Physical explanation for DGLTFET’s superior performance

The proposed DGLTFET works fundamentally on the same physical principle of BtB tunneling
but with a different strategy than conventional TFETs. BtB tunneling in a DGLTFET occurs
from the p' source to the nt epi-layer under the gate-overlapping source, indicated in Fig. 2.1.
In a conventional TFET, BtB tunneling is caused by the lateral field ZF,, while in a DGLTFET,
BtB tunneling occurs due to the vertical field yF,, which is much larger in magnitude than zF,
as the thickness of DGLTFET t4(=10 nm) < L. (=45 nm). When the DGLTFET switches on,
the electrons in the valence band of the p* source’s bulk directly tunnel into the conduction
band of the n™ epi-layer. Fig. 2.2 depicts the typical BtB tunneling phenomenon occurring
in the source region of the DGLTFETSs. In a conventional TFET (working on the principle of
lateral BtB, due to lateral field from source to intrinsic channel ZF}), electrons tunnel from the
valence band of the p™ source to the conduction band of the intrinsic channel under the gate.
The DGLTFET starts behaving exactly like a typical symmetric double-gate (DG) MOSFET: n*
source (at the epi-layer), near-intrinsic / lightly-doped p~ channel, and n™ drain. Consequently,
the I,, levels are higher than the MOSFETSs, instead of the low [, in the standard TFETs.
Hence DGLTFET amalgamates the advantages of the MOSFETs and TFETSs into a single

device.
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Furthermore, the maximum doping in Si possible is in the order of 1020 /cm?, which means that
the maximum density of free holes in the valence band we can expect in the p™ source would be

02° /em?®, even at elevated temperatures. Even though the principle of operation of the

around 1
DGLTFET is quite similar to the GOTFETSs published earlier [56, 57, 58, 59, 60, 61]. However
the epi-layer restricts the maximum carrier density to the order of doping in the epi-layer. This
ensures that beyond deep saturation Vpg>Vag, the carrier density in the channel cannot increase
any further, leading highly flat saturation characteristics, as evident in Fig. 2.3a. As expected,
an extremely flat saturation characteristics will yield the maximum r,, leading to the maximum

possible intrinsic gain g,,7,. Hence the proposed DGLTFETSs will achieve better gains than the
equivalent MOSFETSs at the same technology node.

The ‘hump’ or ‘kink’ effect arises due to the different onset voltages initiating point and line-
tunneling. The ‘hump’ effect is negligible in the proposed DGLTFET since we have a double-gated
structure leading to a very high vertical field compared to the lateral field. So the hump effect
primarily becomes evident when the line tunneling and point-tunneling rates are roughly in the
same order of magnitude. In DGLTFET, the line tunneling due to a much higher vertical field
dominates over the point tunneling (due to the much lower lateral field) beyond V; ~ 0.4 V,

which approximately defines the device’s threshold.

AD: Back gate

Ao

BC': Front gate
ABCD: Plane of the device

(1) Source (p* Siy sGey 5) (2) Epitaxial layer (nt+ Si)
(3) Drain (n*Si) (4) Gate Oxide (HfO,)

(5) Metal gate (Al) (6) Spacer Oxides (SiO,)
(7) Substrate

FIGURE 2.5: Section-wise view of the DGLTFET for visualizing the fabrication process. The
horizontal plane ABCD represents the device cross-section illustrated in
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SOI wafer preparation & patterning | | Epi-layer CVD growth on source & drain I—)} HfO, ALD deposition as gate dielectric |
| Etching of Si for source active area | | Ion implantation ofA§ for drain active area | | Sio, CVD depo§ition as spacers |
| Hard mask preparation for side walls H Growth of B doped SiGe source | |Gate metal AVD deposition as terminals

FIGURE 2.6: Process flowchart for the DGLTFET structure. Abbreviations used are SOI: Silicon
On Insulator, CVD: Chemical Vapor Deposition, ALD: Atomic Layer Deposition, AVD: Atomic
Vapor Deposition.

2.2.4 DGLTFET fabrication process

Fig. 2.5 shows the sectional view of the different layers of the DGLTFET to visualize the
fabrication process. One can fabricate the DGLTFET structure using the following steps, as

reported in [62, 53, 63, 64, 65, 66, 67, 68, 36], and its flow chart is shown in Fig. 2.6:

= —
2z 3
> >
(=)
5 ;
(I}

000 004 008 012 0015 -0010 -0.005 0000 0005
Along lateral x-direction (um) Along vertical y-direction (um)

(a) (B)

FIGURE 2.7: Energy bands aiding BtB generation along the (A) lateral & (B) vertical directions
in the nDGLTFET for Vgs=Vps=1 V.

2.2.5 Results and discussions on the nDGLTFET

Ip-Vgg characteristics of nDGLTFET obtained using the non-local BtB tunneling model at
Vbs =1 V are shown in Fig. 2.8a with I,,=1090 pA/um at Vpg=1 V, which exceeds thrice the
I, of the MOSFET at 45 nm technology node. The impact of quantum effects on the transfer
characteristics is shown in Fig. 2.8b. Field-Induced Quantum Confinement (FIQC) effects result
in a shift of 150 mV in the onset voltage than without the inclusion of quantum confinement.

This leads to a shift in V; decreasing the I,, substantially, as discussed in [69, 70, 31].



Chapter 2. Double-Gate Line-Tunneling FET (DGLTFET) Devices 15

10°
3 1200
lo SSDGLTFEfz 34 mV/de: Hee
1SS, oerer= 82 MV/dec
- 1000 X
10*4 o 10
£ c — ) .
3 1 800 = e . —— without quantization
i 104 < ? 10 —— with quantization
SO e nDGLTFET 600z 3
S 108 —+— pDGLTFET = =10°
=107y = =2
- 400 _°
)
5
10°4 “F200 107
1 3
$ - -T 0 10-7 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 10
Vel (V) Vs (V)

(a) (B)

FIGURE 2.8: |Ip|-|Vgs| characteristics of DGLTFET & MOSFET (both p- and n-channel) for

|[Vbs|=1 V plotted on linear and logarithmic scales. The inverse subthreshold slopes SS are

calculated as the average of four-decade change in the magnitude of I'p within the subthreshold

region. and (b) Impact of Field-Induced Quantum Confinement (FIQC) effects on the Ip-Vis
characteristics of DGLTFET.

109 1000
Lt E
1 ‘«“’" L1500
10"y
T 1 # Qit=lel3 em’ - £ 1004
= 101 L —4—Qit=1lel2 cm™ b= 5
< 1.7 —e—Qit=0 A 1000 2. &
5 1 / —v— Qit=-lel2 cm’ i 2 104
23 —=—Qit =-lel3 o™ s o
=) %
1 / =500 — 1-
10'51
ML Ly - . o1
'..I- . 0 . T T
0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 10
Veo (V) Ves (V)

FIGURE 2.9: (a) Effect of trap charge density on the Ip-Viggs characteristics of DGLTFET. (b)
Transconductance g,, of the DGLTFET, compared with equivalent MOSFET and other TFETSs
reported earlier

Further, the effect of the semiconductor/gate oxide interface trap charges Q;; on Ip-Vgg
characteristics [71, 72, 73, 61], is shown in Fig 2.9a. It is observed that an increase of donor
(acceptor) type charges increases (decreases) the Iof¢, Ion, decreases (increases) Vi, and degrades
the SS. Furthermore, as the DGLTFET V;~0.4 V, a Q;; of 10'3 /em? will not even turn off the
device, as evident in Fig. 2.9a. The device has higher I,, as a consequence of both point-BtB as
well as line-BtB tunneling. At lower voltages, point-BtB dominates, while line-BtB tunneling
dominates carrier tunneling at higher voltages . The two simultaneous tunneling events result

in higher I, & 2.5 times higher g,, than MOSFETs, as shown in Fig. 2.9b. Increasing the
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FIGURE 2.10: Variation of the electron density with increasing Vpg within the epi-layer under
the gate overlap.
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FIGURE 2.11: Variation in transconductance g,, and output resistance r, with (a) the epi-layer
thickness t., and (b) epi-layer doping n., in the nDGLTFET.

gate-overlap length increases the vertical BtB tunneling, increasing g, (advantageous, increases
gain) and Cgg (disadvantageous, decreases BW). So we need to optimize the desired overlap
length depending on the application. The output characteristics for the nDGLTFET device
are shown in Fig. 2.3a for different gate biases. For a given value of Vg with increasing Vpg,
initially, the electron density decreases in the epi-layer over the source region. Beyond a certain
Vbs, electron density becomes independent of a further increase in Vpg as shown in Fig. 2.10.
Portion of the Ip-Vpg characteristics within the range (Vigs-V;) <Vps<Vigs is the soft saturation
region, while deep saturation occurs for V,<Vgs<Vpg, where Vpg (hence, the lateral field ?’x,
along the ¥ direction in Fig. 2.1) loses control over the carrier density, and as a consequence, a

constant carrier density in maintained. Epi-layer thickness t., and doping n., play significant
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——V=05V  pGLTFET

——V =06V

—— VGS= 0.7V //‘

[

LA

=

NMOSFET

FIGURE 2.13: The output resistance r, as a function of (A) Vpg in nDGLTFET & nMOSFET
for different Vg, as well as (B) Vsp in pDGLTFET & pMOSFET for different Vgg.
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roles in analog performance parameters like g, & r,. Decreasing t., reduces the tunneling

barrier width between the source valence band and the epi-layer conduction band , improving

gm- The tunneling width between source and epi-layer remains practically independent of the

drain potential, maintaining almost a constant r, with changing t.,, as shown in Fig. 2.11a. As

the doping of the epi-layer n,, increases, g,, increases due to a rise in the junction electric field

between the source and epi-layer, resultantly more BtB tunneling. Thus, the onset of saturation

in Ip occurs at larger Vpg for increasing the n., consequently, reduces the r, as illustrated in

Fig. 2.11b. Gate capacitances Cgg and Cgp for different values of Vizg are shown in Fig. 2.12a
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FIGURE 2.14: Comparison of (a) the intrinsic gain g,,r, and (b) the unity-gain frequency fr of
DGLTFET, the equivalent MOSFET at the same technology node and other TFETs
at VDS:1 V.

& 2.12b. The comparison of the output resistances for different Vg values for the DGLTFET
vs. MOSFET are shown in Fig. 2.13a. The nDGLTFET has r, at least two orders of magnitude
higher than MOSFET in deep saturation. The intrinsic gain g,,r, and the unity-gain frequency
fr have been calculated for different values of Vg at Vpg=1 V as shown in Fig. 2.14a & 2.14b.
Due to the higher g,, coupled with superior saturation characteristics, the intrinsic gain exceeds
two orders higher magnitude in DGLTFET device compared to MOSFET. Due to the higher
gm at lower Vgg, fr is higher in DGLTFET, and at higher Vgg, gate capacitance dominates.
Consequently fr is lower in DGLTFET compared to MOSFET. DGLTFET has a leakage current
Iofs=1.5 pA/pm at Vps=1 V, which is one order of magnitude lower than the corresponding
MOSFETSs. The threshold voltage V4, of the optimized DGLTFET is extracted using the third
derivative method [74], where 03I/ 8VG35 for Vps=1 V has its first peak at Vi5=0.4 V, denoting
Vin~0.4 V. The AC analyses in TCAD extract the gate capacitances Cgg & Cap. The verilog-A
behavioral model developed for the proposed DGLTFET includes the I-V characteristics for
Ip(Is) as functions of Vigs(Vsa) & Vps(Vsp), the C-V characteristics for Cgs(Csa) as well
as Cap(Cpg) as functions of Vgs(Vsa) & Vps(Vsp). We have carried out the circuit-level
simulations using the Verilog-A behavioral model in the industry-standard cadence® EDA tool

[75].
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2.2.6 Results and discussions on the pDGLTFET

Conventional pTFET devices have lower on currents I, due to poor BtB tunneling. To increase
the BtB tunneling, SiGe based p-type epi-layer has been used, which improves the line tunneling
from the source to the gate in pDGLTFET device. Increasing the t.,, increases the SRH
recombination’s current density, increasing I,r¢ as well. The impact of doping concentration ng,
in the epi-layer has been explained in [50]. Higher doping of the n, causes short carrier lifetimes,
increasing the SRH recombination currents. Thus, I,¢; increases with doping concentration.
I5-Vse characteristics of pDGLTFET obtained using the non-local BtB at Vgp=1 are shown
in Fig. 2.3b. The I,, of the pDGLTFET is 1.1 mA/um, which is almost thrice as high as
pMOSFET, and the I,ff is 0.2 pA/um at Vsp=1 V, which is one order magnitude lower than
equally sized pMOSFET. Proposed pDGLTFET threshold voltage |V;,| =0.36 V extracted using
the 3™ derivative method [74]. It is observed that pDGLTFET has twice the g,, as shown in
Fig. 2.9b and two orders of magnitude higher r, than MOSFET in deep saturation, shown in
Fig. 2.13b.

2.3 Comparison of the DGLTFET with the other TFETSs re-

ported earlier

Table 2.2 compares SS, Ion & Ion:l,py ratios of the DGLTFET reported in this chapter, and
other TFETSs published earlier. Fig. 2.15 compares the performance of DGLTFET with the
state-of-the-art TFETs: Line-tunneling based TFET [52], Planar area scaled TFET [53], Dual-
Metal Double Gate (DMDG) TFET [76], Triple-Metal Double-Gate (TMDG) TFET [77]. The
DGLTFET shows superior characteristics to most of the published TFET devices.

2.4 Comparison of the analog performance of DGLTFET with
other TFETS reported earlier

Table 2.3 compares analog performance parameters like g, 7o, fr and the SS, I,,:1,¢5 ratio of
the DGLTFET with other TFETs. The DGLTFET structure gives the higher g, and higher
r, due to its excellent saturation characteristics, which improves the intrinsic gain g,,r, and

unity-gain frequency fr compared to the other state-of-the-art TFETs.
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TABLE 2.2: Comparison of the DGLTFET’s device performance with the other TFETSs reported
earlier. *Denotes unreported data in the publication.

Simulated TFET's Fabricated TFETs DGLTFET
Parameter Units [53] [52] [76] [78] [77] [79] [80] [81] [82] [83]  [this work]
Material — SiGe SiGe SiGe Si Si Si Si  Si InGaAs InGaAs SiGe
L.y nm 20 20 50 50 150 1000 1000 100 100 150 45
Max. Vpg A% 0.5 1 1 1 1 1.2 05 1.1 0.3 0.5 1
Max. Vgg \% 0.5 0.7 1 1 2 15 05 2 1.2 1.5 1
I, pA/pm 80 280 6.2 22 141 0.068 0.45 1.4 6.4 135 1090
Losy pA/pum 0.1 1 0.00015 0.41 110 0.019 1.7 0.1 62 50 1.5
Ion:lopp  pA/pA 10° 108 1020 10% 106 10 105 107  10° 10 10°
SS mV/dec 40 34 * 62 * 854 34 46 7 169 34

TABLE 2.3: Comparison of the DGLTFET’s analog performance with the other TFETS reported
earlier. *Denotes unreported data in the publication.

Parameter Units [53] [52] [84] [85] [46] [86] [87] [88] [this work]
Ion:lopp  pA/pA 105 108 10° 107 107 10t 10'2 10'0 10°

SS mV/dec 40 34 48 * * o 12.24 244 34
Im mS/pm 0.5 0.7 0.4 0.1 0.005 0.025 0.23 0.232 1

To MQ 0.1 0.1 * 01 0.1 * * * 0.9
fr GHz 45 250 1.19 10 * 13 377 23 111

2.5 Conclusions

The DGLTFET proposed in this chapter for analog circuit applications has roughly thrice the I,
and at least one order of magnitude lower I,¢; than that of an equally-sized standard MOSFET
at the same technology node. The intrinsic gain of DGLTFET is far superior to the MOSFETsS,
and other conventional TFETs due to its higher g,, and r,. The superior characteristics of
the DGLTFET are primarily due to its excellent saturation characteristics on account of the
epi-layer-based line-tunneling. Using the characteristics of the DGLTFET devices, the next
chapter reports the design of multiple standard analog circuit designs, viz., CS amplifier, current

mirror, and an op-amp.
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Chapter 3

Analog Circuits using DGLTFET

devices

This chapter goes beyond the device level and shows the implementation of analog circuits
using the proposed DGLTFETSs in the previous chapters. This chapter explains the device
circuit methodology for designing the circuits using TFETs. The performance of the DGLTFET
was benchmarked with the equivalent MOSFET at 45 nm technology node in fundamental
analog VLSI circuits, viz., CS amplifier (both resistive and cascode loads), current mirror (both
single-stage and cascode configurations), and a two-stage op-amp. This work shows that the
DGLTFET CS amplifier has a gain-BW product or unity-gain BW fr of 15 GHz, while that
of the MOSFET CS amplifier with the same bias current is 10 GHz. The DGLTFET current
mirror has at least three orders of magnitude higher r, than the corresponding MOSFET current
mirror. Similarly, the CMRR of the DGLTFET op-amp is 57 dB compared to the CMRR of
33.5 dB of the equivalent design in standard 45 nm CMOS technology.

3.1 Co-simulation Methodology and Benchmarking Criteria

The device & circuit co-simulation methodology is schematically represented in Fig. 3.1. An
accurate Look-Up Table (LUT) of device characteristics viz. variation of Ip current, Cgg &
Cap capacitance obtained for various Vpg in the range -1 to 1 V and Vg sweep from -1 to 1
V was compiled using industry-standard Synopsys® TCAD tools [51]. As there is no standard
SPICE models for the TFET structures in circuit simulators yet [89, 90, 91], a behavioral model

22
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Fi1cURE 3.1: Flowchart explaining the co-simulation methodology used in this work.

for the proposed GOTFET was coded in verilog-A that automatically interpolates the data
in LUT using shape-preserving quadratic spline techniques for accurate prediction of currents
corresponding to the applied biases. Circuit performance was then evaluated and analyzed using
the industry-standard cadence® EDA tools [92], using the Verilog-A code. At the time of this
investigation, 45 nm CMOS generic PDK (GPDK) was distributed for free at Europractice
industrial consortium [93] for academic research purposes. Cadence® [94] has customized the
GPDK for integrated circuit designs using ARM 45-nm RTL-to-GDSII technology, and it has
become the standard for designing all CMOS circuits in industry and academia. The effective
channel lengths of the proposed TFETs have been maintained at 45 nm, and the GPDK 45 nm
CMOS technology library has been used for co-simulation & benchmarking. The proposed TFET
has been designed with a fixed channel length of 45 nm, and the channel width of the TFET has
been kept as a design variable for circuit implementation. The device characteristics like oxide
thickness, doping concentration, I,,, I,fs & V; are unique and very specific to the type of devices
(TFETs and MOSFETS) because the current conduction mechanisms in TFETs and MOSFETs
are entirely different, as explained in chapter 1. To carry out meaningful benchmarking, the

channel widths of the corresponding devices, applied input voltages, power supplies, and load
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capacitance have been kept identical in the device and circuit benchmarking test setups, and the

final figure of merits have been compared.

3.2 Common source (CS) amplifier in resistive load and cascode

configurations
Vbp Vop~ T
100 pA v E 100 pA
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Vout Vout + o 11 o +
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FIGURE 3.2: (a) Circuit schematics and the (b) equivalent circuits of the CS amplifier in
resistive-load and cascode configurations.

The schematics of the DGLTFET-based CS amplifier in resistive load and cascode configurations
are shown in Fig. 3.2a. Both the circuits operate at a supply Vpp=1 V and are designed
for the same bias current Ip;,s=100 pA and V,,;=Vpp/2 for obtaining the maximum swing.
The resistive load is tuned (R;=5 kf2), to sustain the Ij;,s=100 pA in both DGLTFET and
MOSFET-based designs. Similarly, the cascode CS stage yields maximum gain for the same bias
current Ip;,s=100 pA for a V4;,s=0.5 V and 0.4 V for DGLTFET and MOSFET-based designs,
respectively. Co-simulation of the circuit was done with the same circuit implemented with 45
nm CMOS devices for the same bias currents for meaningful benchmarking. Table 3.1 shows a
comparison of the cascode CS amplifier designed using the proposed DGLFET standard 45 nm
MOSFET and the other TFETS reported earlier.

TABLE 3.1: Comparison of the DGLTFET cascode CS amplifier with similar other works
published earlier.

Parameters  Units [48] 52 [85] [95] [96] MOSFET DGLTFET
Ip pA/pm  0.066 80 8 02 15 100 100
A, dB 44 33 39 508 23 15.95 44.7

fr GHz 0.0015 0.5 2 0.01 2 10 15
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FIGURE 3.3: AC analyses of the CS amplifier with (A) resistive-load under C,=0 & 10 {F, and
(B) cascode configuration under Cr,= 0, 10 fF, 1 pF.
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FIGURE 3.4: Mid-band gain of DGLTFET cascode CS amplifier compared with the other
reported TFETSs in terms of the AC analyses.

The AC gain of CS amplifier-based DGLTFET devices with resistive load is observed 8 dB higher
gain compared with MOSFET technology . Similarly, the AC gain of cascode CS amplifier-based
DGLTFET devices is observed 30 dB higher gain compared with MOSFETS, as shown in Fig 3.3
. The unity-gain BW [97] of the DGLTFET-based CS amplifier with resistive load is 806 GHz
and 16.98 GHz without load and with a capacitive load C, of 10 fF respectively, as compared to
the unity-gain BW of 210.6 GHz (without load) and 8.1 GHz (with load) of MOSFET-based
CS amplifier with resistive load. Similarly, the unity-gain BW [97] of the DGLTFET-based CS
amplifier with cascode load is 71 GHz and 15 GHz without load and with capacitive load C,=10
fF, respectively, as compared to the unity-gain BW of 23 GHz (without load) and 10 GHz (with



Chapter 3. Analog Circuits using DGLTFET devices 26

5 _Mospg(/

104 ——DGLTFET

In

Gandv_Jdv, (V/V)

-20-

_25- T T T T T
00 02 04 06 08 10
Ves (V)

FIGURE 3.5: The gain dV,,;/dV;, as a function of V,, of cascode CS amplifier under a Vj;,5=0.5
V.

TABLE 3.2: Comparison of the DGLTFET with the equivalent MOSFET for the resistive-load
and cascode CS amplifiers.

Parameter Units DGLTFET MOSFET
Drain current Ip;q HA 100 100
Effective channel length L nm 45 45
Input voltage V;, nY% 100 100
Resistive load CS amplifier
nFET sizes W pm 1 1
Resistive-load Ry, k2 5 5
Output voltage Vi mV 1 0.506
Intrinsic gain Ay dB 15.56 8.254
Unity gain frequency fr GHz 16.98 8.15
Cascode CS amplifier

pFET sizes W), pm 1 8
nFET sizes W, pm 1 3.2
Cascode bias Vi A\ 0.5 0.4
Output voltage Vit mV 17.5 0.623
Intrinsic gain Ag dB 44.7 15.95
Unity gain frequency fr GHz 15 10

the same 10 fF capacitive load) of MOSFET-based CS amplifier. Fig. 3.5 shows the Vg, vs. Vi,
or voltage transfer characteristics (VITC) and the differential gain dVyy:/dViy, vs. Vi, in the same
figure. It shows that the transition slope of the DGLTFET-based CS amplifier is much steeper
than the transition slope of the CMOS-based CS amplifier. The summary of the benchmarking

is shown in Table 3.2.
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3.3 Small-signal analysis of the CS amplifier

Fig. 3.2b shows the small-signal equivalent circuit for the CS amplifier of Fig. 3.2a. The
net output resistance Rou:=7,1||Rr where the load Ry of the resistive load and the cascode
configurations are R;=Rp and Rj=rs2, respectively. Maximizing the gain A,o=—¢m1Rout
necessitates maximizing the R,,; value. Hence, the cascode configuration is always preferred over
the simpler resistive load, since (i) ro2>>Rp when TFET Tj is biased in the saturation region
(ensured by the Vj;4s) and (ii) transistor fabricating a large enough passive resistive load Rp is very
difficult in scaled IC technology. The output capacitance Cy,;=Cgp1+Cpp1+Cap2+Cppa+Cr
and Cout:=Cap1+Cpp1+C}, for cascode and resistive-load configurations, while under no-load
condition C'r,=0. It is worthy of note that DGLTFET being a symmetric double-gate structure, the
gate(“front gate”) and the body(“body gate”) terminals are shorted together. Thus, Cop1=Cpp1
and Cppo=Cgp2, making the net Cgp capacitance in DGLTFET slightly larger than that of
the equivalent MOSFETS, as evident in Fig.2.12b. On the other hand, Cgg in DGLTFET
is larger than Cgg of the equivalent MOSFET since Cgg in DGLTFET is dominated by the
gate-source overlap capacitance C,,, which is larger than the MOSFET. For the resistive-load
DGLTFET CSA, the typical values are Cgg=1.78 fF & Cep=1.5 fF; while for the equivalent
CMOS resistive-load CSA, the Cgs=1.7 fF & Cap=0.148 fF. Similarly, for the cascode-load
DGLTFET CSA, the typical values are Cag1=Cag2=1.7 fF & Cap1=Cap2=1.5 {F; while for the
equivalent CMOS cascode-load CSA, the Cggs1=1.7 fF, Cqg2=3.7 {F, Cap1=0.474 {F, Cap2=1.6

fF. We have used the admittance Y parameter matrix for the small-signal analysis.

1
Lin =s (CG.S'l + C’GDl) ‘/in_SCGDl‘/out & Toyt = (le - SCGDl) Vin+ <’I"1 + Scout> Vout
(3.1)
vo|® (Cas1 +Cap1) —sCapi (3.2)
gm1 — sCap1 i + 5Cout

From Fig. 3.2b, V,u:=—1I,Rr, which leads to

C,
A = Vout o Yo1 o 9Im1 — sCap1 o 1-s gC:nDl1
v = = — 1 = = _gmlRout I — (33)
‘/; Y22 + R (RL + L) + SCout 1+ SCautRout
L Tol

gm1 1
A, = — R & = & = 3.4
vo Im1Llout fT 27Cout f3dB 27 Ryt Cot ( )
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Eqgs. (3.4) yield A,,=43 dB & 14.6 dB and under a capacitive load of 10 fF, fr=12.2 GHz
& 13 GHz for DGLTFET & MOSFET based CS amplifier respectively, which are close to the

simulation results.

100 1A
Irefl

FIGURE 3.6: Circuit schematics of the current mirrors in (a) single-stage and (b) cascode
configurations.

3.4 DGLTFET based single stage and cascode current mirrors

The schematic of the DGLTFET-based single stage and cascade current mirrors are shown in
Fig. 3.6. Co-simulation of the circuits was carried out with the same circuits implemented with
45 nm CMOS devices. The same reference current I,..;=100 pA was used in the DGLTFET and
CMOS-based circuits for meaningful benchmarking, leading to an R,.y=5 k{2 and 2.4 k(2 for
the DGLTFET and MOSFET-based designs, respectively. Following the same strategy for the
cascode current mirror, R,..y= 8 k2 and 2 k2 for the DGLTFET and MOSFET-based designs,
respectively, summarized in Table 3.3. In conventional MOSFETS, the effect of channel length
modulation is high at lower technology nodes resulting in low Ry, of the current mirror circuit.
In contrast, the DGLTFET-based current mirror has R,,; more than three orders of magnitude
higher than its MOSFET counterpart, as shown in Fig. 3.8a. Low R,y of the CMOS current
mirror makes the I,,; more dependent on V,,;, while the I,,; of DGLTFET-based current mirror

is relatively independent of V,,;, as shown in Fig. 3.7a.



Chapter 3. Analog Circuits using DGLTFET devices 29
120 100+ of
100' 80"

80- _
. 6ol @1 =100 pA
< oo @1,,=100 pA < — ,l\)AC(-})LS'[F:I;I_ErT
= ; —=—DGLTFET _3 40
— 40- —e— MOSFET ]
T 20
20- |
O ] 0 ] ] ] ]
0.0 0.2 0.4 0.6 0.8 10 00 03 06 09 12 18
Vout (V) Vout (V)

(a) (B)

FIGURE 3.7: Iyt vs. Ve in (A) the single-stage current mirror. (B) the cascode current mirror.

TABLE 3.3: Comparison of the DGLTFET with the equivalent MOSFET for the single-stage

and cascode current mirrors.

Parameter Units DGLTFET MOSFET

Reference current I,..f WA 100 100

Effective channel length L nm 45 45
Single stage current mirror

nFET sizes W pm 1 1

Reference resistance R,y k2 5 2.4

Output resistance Ryt MQ 64 0.022

Cascode current mirror

nFET sizes W pm 1 1

Reference resistance R,y k2 8

Output resistance Ryt MQ 4000 3.5

The output resistance R,,; of the DGLTFET-based cascode mirror is at least two orders of

magnitude higher than that of the DGLTFET-based single stage current mirror circuit and

five orders higher than the CMOS-based cascode mirror circuit, as observed from Fig. 3.8b

and Table 3.3. The minimum value of V,; at which the current saturates in DGLTFET-based

current mirror circuit is significantly lower than CMOS-based current mirror circuits due to

DGLTFET’s lower V;.
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FIGURE 3.8: Output resistance R,,: of (A) single stage and (B) cascode current mirror.

FIGURE 3.9: Schematic of a two-stage complementary DGLTFET op-amp

3.5 Two-stage operational amplifier (op-amp)

The op-amp is one of analog VLSI design’s most important fundamental building blocks. Fig.
3.9 shows the schematic of the two-stage op-amp implemented with the DGLTFET, designed for
a unity-gain bandwidth fr=5 MHz at Vpp=1 V. The co-simulation of the circuits were carried
out with the same circuits implemented with 45 nm CMOS devices whose transistor widths and

performance parameters are compared in Table 3.4 & 3.5.

The same bias current Ip;,,=30 puA was used in the DGLTFET and CMOS-based circuits
for meaningful benchmarking, leading to a R,.y=40 k2 in the DGLTFET-based design. The

nDGLTFETs T & T3 of the first stage are input transistors for achieving the higher g,,, and
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TABLE 3.4: Transistor sizes used in the two-stage op-amp design at the 45 nm technology node.

Transistors Unit T T T3 Ty T5 Ts T T3
DGLTFET W pum 1 1 1 1 0.5 1 10 b
MOSFET W pum 0.8 0.8 0.8 0.8 0.3 2 3 2

TABLE 3.5: Comparison of two-stage op-amp designed with DGLTFET and the equivalent
MOSFET for an fr=5 MHz.

Parameters Units DGLTFET MOSFET
Bias current I,y uA 30 30
Effective channel length L nm 45 45
Load capacitance Cf, pF 10 10
Compensation capacitance Co pF 4 4
Unity gain frequency fr MHz 5 5
Gain Vit /Vy dB 57 31
Differential gain V,/Vy dB 30 13.5
Common-mode gain V,,/Ve, dB =27 -20
CMRR dB 51 33.5
Phase margin (PM) degree 76 62
3-dB band width f3gp kHz 7.7 120

TABLE 3.6: Comparison of the DGLTFET-based two-stage op-amp with similar other works on
TFETSs published earlier.

Parameters Units  [98] [99] [100] [48] MOSFET DGLTFET
Vbp \ 1 0.5 4.5 2.5 1 1

Lres pA - 0.0036 0.01 0.00375 1.275 30 30

A, dB 277 394 130 110 31 57
f3dB kHz 3.2 2.1 0.1 0.02 120 7.7

pDGLTFETSs T3 & Ty are the current mirror loads. DGLTFETSs Tr & Tg form the second stage
CS amplifier. The gains of the first and second stages are g1 (ro1 || ro3) and gms (ro7 || ros),
respectively. For improved stability of the circuit, the phase margin (PM) should be higher than
60 degrees. To achieve at least 60 degrees PM, we have chosen the compensation capacitor Co=4
pF (>0.22C7), where C,=10 pF is the load capacitor. Fig. 3.10a shows that the overall gain
of the DGLTFET-based two-stage op-amp is 26 dB higher than the MOSFET op-amp for the
same fr. The differential gain of the DGLTFET op-amp exceeds six times that of the MOSFET
op-amp due to the superior saturation region characteristics of the pDGLTFET current mirror
load and higher g,, of the input nDGLTFET transistors, as shown in Fig. 3.10b. Furthermore,
the common mode gain of DGLTFET is significantly lower (by around 6 dB) compared to the

MOSFET due to its higher output resistance of the current mirror-based tail current source. The



Chapter 3. Analog Circuits using DGLTFET devices 32

60

50+ —— DGLTFET ---T} Differential gain —— MOSFET
- —— MOSFET

O 4
T T T \u '80

10? 10" 10° 10° 10° 10* 10°
Frequency (Hz) Freguency (Hz)

10° 10%

(a) (B)

FIGURE 3.10: (a) The overall gains A, of the two-stage op-amp for an fr=5 MHz. (b) The
differential A; and common mode (CM) gains A.,, of the op-amp differential stage for the
overall fp=5 MHz.

common-mode rejection ratio (CMRR) of the op-amp designed with complementary DGLTFET
devices is 23.5 dB (15 times) higher than the CMRR of the equivalent CMOS circuit, primarily
due to the former’s higher differential gain and lower common-mode gain. Table 3.6 compares
the DGLTFET op-amp with the other TFET op-amps reported earlier. Some of the previous
works[100, 48] exhibit higher gains than the DGLTFET-based design since they used higher Vpp
as they did not specifically conform to any industry-standard technology library which strictly
adhered to the ITRS roadmaps. With increasing Vpp, Vpg across every transistor increases,
increasing r,, as seen in Fig. 2.13a , enhancing the gain ¢,,r,. However, following the ITRS
roadmap, the 45 nm technology node limits the maximum Vpg that can be applied across the

transistors to be 1 V.

3.6 Conclusions

Chapter 2 described the characteristics of DGLTFET devices and their analog performance,
and this chapter explained the circuit performance of DGLTFET devices. The AC gain of CS
amplifier-based DGLTFET devices with resistive load provides 8 dB higher than MOSFET
technology. Similarly, the AC gain of cascode CS amplifier-based DGLTFET devices is 30
dB higher than MOSFETs. The DGLTFET-based current mirror circuits provide superior
I+ saturation characteristics due to the negligible channel length modulation effect in the

DGLTFET than the MOSFETSs. Furthermore, the output resistance R, of the DGLTFET is
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approximately three orders higher than the MOSFETSs. The two-stage op-amp implemented
with the DGLTFET yields 23.5 dB higher CMRR compared to the MOSFET-based design. In
conclusion, DGLTFETSs reported in this chapter are preferable candidates to replace MOSFET's

in analog VLSI applications.

3.7 Publications Based on This Chapter

Journals

1. S. Hariprasad, S. S. Dan, Ramakant Yadav, and Ashutosh Mishra, “Double-Gate Line-
Tunneling FET (DGLTFET) Devices for Superior Analog Performance”, Wiley Interna-
tional Journal on Circuits Theory and Applications, Apr 2021, DOI:10.1002/cta.3002.



Chapter 4

Superior Analog Performance due to

Source-Gate Overlap in Vertical
Line-Tunneling FETs and Their

Circuits

4.1 Introduction

Vertically grown TFETs [101, 102, 103] are preferred as they allow the integration of more
TFETSs on a single chip, increasing device density. In this chapter, the VLTFET device has been
optimized for superior analog performance, and the influence of overlap length L, on the device

and circuit performance has been analyzed and successfully explained using physics.

4.2 VLTFET Device Structure and its Characteristics

4.2.1 VLTFET Device Structure

Fig. 4.1 shows the schematic and the BtB generation of the epitaxial (epi-) layer-based nVLTFET
structure. A 3 nm thick epitaxial layer of n-type Si is sandwiched between the SiGe layers (source
& pocket), doped with P to sharpen the band profile [103, 104]. Considering the device reliability,
the source pocket with an intermediate mole fraction, compared to the source and the channel

34
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FIGURE 4.1: (a) Schematic cross-sectional view (1) Si substrate (2) SOI (3) p* SiGe Source (4)
nt Si epitaxial layer (5) i-SiGe Pocket (6) i-Si channel (7) n* Si drain (8) HfO5 gate oxide (9)
TiN metal gate. (b) Electron BtB tunneling rate of nVLTFET device.

regions, leads to sharpening the band profiles without the risk of junction breakdown. Sig5Geg s
is used as the source to improve the device’s performance. A 2 nm thick HfOy layer is used as
the high-x dielectric layer for better electrostatic control of the gate over the tunneling junction.
TiN metal is deposited as the gate terminal material. Table 4.1 lists the device parameters and
doping concentrations of all the regions. The 2D numerical simulations of the VLTFET device
structure were performed using the dynamic non-local path tunneling model to capture the
BtB generation across all the interfaces. The bandgap narrowing model, Fermi-Dirac statistics
mobility, doping-dependent mobility, and Shockley-Read-Hall (SRH) generation/recombination

models were activated to capture the carrier action in the device.

4.2.2 Physics-Based Modeling Approach

Modeling of the VLTFET structure can be done in two steps. Firstly solve the Poisson equation
from the boundary condition to calculate the surface potential ¢(x,y) and electric field Fy(z,y).
The second step calculates the tunneling generation rate Gp;p and integration over the tunneling
volume for the Ip. The continuity of the displacement vector at the source & epitaxial layer and

epitaxial layer & oxide interfaces yield

8(25) ¢S_¢€ <¢6_VCI;’>
Esg | = = Eep =Cop | —— 4.1
g (83/ y=0,tg; b tep tox ( )
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TABLE 4.1: Parameters of the nVLTFET and pVLTFET devices.

Parameter Units nVLTFET pVLTFET
Channel length L., nm 20 20

Source length Lg nm 1000 1000

Overlap length L,, nm 30 30

Drain length Lp nm 40 40

Pocket length Lp nm 30 30

Epi-layer length L, nm 20 20

Gate oxide thickness t,,; nm 2 2

Channel thickness t., nm 15 15

Source thickness tg nm 20 20

Epi-layer thickness ., nm 3 3

Source doping Ng /cm3 2x10%0 pT Sig5Geos 2x10%0 ntSi
Pocket doping Np /cm3 1016 iSig.75Geg .95 1016 iSig.75Geg.o5
Channel doping N /cm3 1016 iSi 1016 iSi
Drain doping Np /em3 5x1019 ntSi 5% 1019 ptSi
Epi-layer doping N, /cm? 5x10'8 ntSi 5x1018 pT Sig.5Geo.s
Gate work-function ®,, eV 4.3 TiN 4.7 Ag

where €44, €¢p, & €or denote the permittivities of the SiGe source, epi-layer material, & oxide,
respectively. Using (4.1) in the solution of the 2D Poisson equation, we obtain the following

expression for the 2D potential profile below the gate-source overlap.

s(w) — V¢
olas) = onlo)+ 2= |00 (1= o) (4.2

Differentiating (4.2) along the vertical y axis, we obtain the 2D vertical field profile

0 1 |V — o¢s(x) Yy
Fy(ﬂfay)z—@ = % h 1—§ (4.3)
Eox Eep

The BtB generation rate Gy used in numerical simulation is given by

B
thb = AF:L;/O’U exXp <_F > (44)
yov

where =2 & 2.5 for direct and phonon-assisted tunneling process, respectively. Fyo, & Fycn
denote the vertical fields Fy(x,y) in the overlap (within L,,) and channel (within t.;) regions,

respectively. For direct BtB generation in direct band-gap materials, material-dependent factors
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A & B are given by [105]

GG R R @

g denotes the degeneracy factor of the material used, and h is the Plank’s constant. For

phonon-assisted BtB generation in indirect band-gap materials, A & B are given by [106]

A— ng{,?] 1+2Nop D2 <g>'y ﬁ 7/4 (4 6)
V2 PEop P\h 2E, ’

B A /my (2E,)3/?
N 3qh

(4.7)

The tunneling effective mass (also called ‘reduced mass’) my=(m_4+m; ')~ and the average

mass Mayg=(me+m,)/2 are related as

£A_1r ., 1 _1 1 (4.8)

me 2my mo My 2my mo

myo is the rest mass of electrons, m. & m, are the density of states effective masses in the
conduction and valence bands . Line tunneling occurs due to the vertical field §Fy,, (in the
vertical g direction) so that the total number of free carriers n generated within the source due

to BtB and the net drift current is obtained from

n= 2W//thbdyda: & Ip = qnunFyen (4.9)
zJy

where W denotes the width of the device, and a factor of 2 is added as this is a double gate
device. Current Ip is modeled using the standard drift transport along the channel due to the

field §Fych as a result of Vpg bias.

4.2.3 Calibration of the Simulation Deck With Experiments

Initially, the device in [103] was simulated using the default parameters in the TCAD simulator.
Then the parameters were modified so that the final characteristics matched with experimental
data published in [103]. The match between the results of the calibrated simulation deck with
the experimental data is shown in Fig. 4.2. The calibrated values of m. and m, are 0.328m,,

and 0.549m,, for Si and 0.328m, and 0.421m,, for Sig 75Geg 25 materials, which were also used
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in [107]. Additionally, the material-dependent parameters A;,q and Bjnq for SigsGeg s were

extracted as 2.27x10 /em3/s and 15.5 MV /cm.
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"
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FIGURE 4.2: Calibration of simulation models with the prefabricated device at Vps=0.5 V [103]

4.2.4 VLTFET fabrication process

One can fabricate the VLTFET structure using the following steps, as reported in [62, 102, 103,
63, 64, 65, 66, 67, 68, 36]:
(i) Starting with Si bulk wafer.

(ii) Initial stacks composed of SiGe and Si layers grown by chemical vapor deposition (CVD)

technique.
(iii) Si layers patterned like pillar structures by reactive ion etching (RIE).

(iv) Sip.75Geg.25 etch stop layer is removed with selective wet chemistry, leaving a smooth Si

surface.
(v) Deposit Si (epi-layer ) using oxidation and etched by hydrogen fluoride (HF).

(vi) Gate stack HfO2/TiN deposited by atomic layer deposition (ALD) to cover the side wall

of the pillar continuously.

4.3 Physical Explanation of VLTFET Behavior

Fabrication steps for the VLTFET structure were reported earlier [103, 104, 62, 63, 64, 65, 66,
67, 68, 36]. The transfer characteristics are shown in Fig. 4.3a for L,,=30 nm. Ip obtained
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FIGURE 4.3: (a) Ip-Vgs characteristics of nVLTFET for different Vpg and (b) Ip-Vpg charac-
teristics of nVLTFET for different Vgs.
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FIGURE 4.4: BtB tunneling profile along the (a) Source & Pocket (@x=0) and (b) Source &
Epi-layer (@x=L,,/2) in the n-type VLTFET for Vgs=Vps=1 V.

due to non-local BtB tunneling is I,,=2.4 pA/pm for Vgs=1 V and I,;r=5 pA/pum for Vigg=0
V at Vps=1 V. Threshold voltage is extracted using the third derivative method [108] where
?3Ip/ 8VG33 for Vps=1 V has its first peak, giving V;,,~0.4 V. In conventional TFETs (working
on the principle of lateral BtB due to the lateral field from source to intrinsic channel TF;),
electrons tunnel from the valence band of the p™ source to the conduction band of the intrinsic
(or low-doped) channel under the gate (point tunneling). VLTFET operates fundamentally on
the same physical principle of BtB tunneling but with a different strategy than conventional
TFETs. When a VLTFET is switched on, BtB tunneling occurs with the electrons from the
valence band of the p™ source directly tunneling into the conduction band of the n™ epi-layer
under the source-gate overlap (line tunneling) as indicated in Fig. 4.4. In a conventional TFET,
BtB tunneling is caused by the lateral field TF,, while in a VLTFET, BtB tunneling occurs due
to the vertical field yFop.
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FIGURE 4.5: (a) Influence of temperature on the VLTFET characteristics. (b) Effect of interface
trap charges on Ip-Vigs characteristics.

The influence of temperature on the VLTFET characteristics is shown in Fig. 4.5a. As expected,
increased temperature reduces the bandgap due to the expanding crystal lattice and weakening of
interatomic bonds. Reduction in the bandgap increases the tunneling probability; therefore, BtB
generation increases, leading to increasing currents. The Field-Induced Quantum Confinement
(FIQC) effect leads to a shift in V;, decreasing the I, substantially [31]. However, the impact of
FIQC can be reduced by tuning the work function of gate metal. Furthermore, the influence
of the semiconductor/gate oxide interface trap charges Q;; on Ip-Vigg characteristics [71] is
shown in Fig. 4.5b. It was observed that an increase in the donor (acceptor) impurities increase
(decrease) the I, s & Iop, decreasing (increasing) V;, degrading the SS. The output characteristics
for the VLTFET are shown in Fig. 4.3b for different Vg.

The portion of the Ip-Vpg characteristics within the range 0<(Vis-V;)<Vps<Vgs is the soft
saturation region, while deep saturation occurs for V;<Vgs<Vpg, where Vpg loses control over
the carrier density, and as a consequence, a constant carrier density is maintained. For a given
value of Vg with increasing Vpg, initially, the electron density decreases in the epi-layer over
the source region. Beyond a certain Vpg, electron density becomes independent of any further
increase in Vpg as shown in Fig. 4.6a. Fig. 4.6b shows that the surface potential near the
source region becomes independent of Vpg beyond saturation. Inversion charges are formed near
the source junction due to vertical BtB tunneling due to the vertical field, flattening the Ip

characteristics.

Tunneling width Wy, (Fig. 4.8a) remains constant at its minimum after saturation. As Vpg has
less impact on Ip beyond saturation, 7, is in the order of 100 M{/um, as shown in Fig. 4.7b for

different Vizg biases. Increasing the L, increases the vertical BtB tunneling due to the increase



Chapter 4.

Vertical Line-Tunneling FETs Devices

41

1.6

1.4

1.2

1.0

0.8

0.6

Electron density (102! /cm?3)

0.4

0.0 0.2

0.4 0.6
Applied bias Vps (V)

(a)

0.8

Surface potential ¢s (mV)

w
@
o

w
N
w

w
=3
S

N
~
o

N
=3
S

-
~
o

I
o

Vgs=0.8V
Ves=0.9V
VGS =10V

‘— Vbs=Ves-Vry

0.0 0.2 0.8

0.4 0.6
Applied bias Vps (V)

(B)
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in tunneling cross-section, resulting in an increase in I,, as shown in Fig. 4.8b, increasing g,
without affecting r,, as depicted in Fig. 4.9. In VLTFET, A,, can be improved with increasing

L, since g, increases with L,,. In contrast, r, remains constant, as seen in Fig. 4.10.
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FIGURE 4.7: Variation in (A) transconductance g,, and (B) output resistance r, in the VLTFET.

Gate capacitances are extracted by computing the rate of change in the charges accumulated on

the gate terminal with gate terminal voltages using their fundamental definitions

_ a

~ IVp

_ Mo

Vs,Va Vp,Va

Cgs is the sum of gate-source overlap capacitance CggonX W LoyCoy, source-side depletion

capacitance Cgsgep, and outer fringing capacitance C, is given by

¢
In <1 + g“)
tOlE

2
Cpp = 250 (4.11)

™
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different Vgg values at Vpg=1 V.

where ?44¢¢ is the gate thickness, €., is the permittivity of HfO2. Cgg gep is formed between the
source and epi-layer due to the large electric field between them. Cgg dep=0Q sdep/OV, where
Q5dep=9NsrcLovtsi, Nere is the doping in the source region. Cgg increases with Vg due to
the increase in the depletion width under the source-gate overlap region [109, 110, 111]. Cgg
increases with increasing L,, due to the increase in depletion width between the n™ epi-layer

and pT source regions, but L,, does not affect Cqp, as shown in Fig. 4.11a.

Ceap is the sum of inversion capacitance Cgpiny, outer fringing capacitance Coy (4.11), and
drain overlap capacitance CgpoyxW LoyCor. Cap increases with Vg as shown in Fig. 4.12a,
due to the formation of the inversion layer on the drain side, extending toward the source side
[112]. The influence of Lg,, on Cgg and Cgp are shown in Fig. 4.12. Cgp is decreased from 7

fF to 0.59 fF as Lg,, decreases from 40 nm to 0 due to the decrease in the electric field on the
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drain side. With the reduction in Cgp, net gate capacitance Cgg is reduced from 10 fF to 3 fF

but Cgg is n't get affected by L, variation on the drain side [109].

As evident in Fig. 4.11b, the change in unity-gain BW

Im
Cas + Cap)

=5 (112)

is dominated by the relative change in Cgg=Cgs+Cgp or gm, as both g, and Cgg are
proportional to L,,. Table 4.2 summarises the influence of L,, on the analog performance
parameters in VLTFETs and compares them with those of MOSFETSs with gate length Lg.
Epi-layer thickness t., and doping n., play significant roles in analog performance parameters like
9gm & 1,. As expected, decreasing t., reduces the tunneling barrier width between the source’s
valence band and the epi-layer’s conduction band , improving ¢,,. Tunneling width between the
source and epi-layer remains practically independent of the drain potential, maintaining almost

a constant r, with changing t.,. As the doping of the epi-layer n., increases, g,, increases due
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TABLE 4.2: Summary of the dependence of MOSFET and VLTFET analog performance on
device parameters.

Parameters MOSFET VLTFET
Drain current Ip W/Lg W X Ly,
Transconductance g, W/Lg W x Ly,
Output resistance LE /W /W
Gain A, L¢g Loy
Unity gain frequency fr 1/ Lé constant

to a rise in the junction electric field between the source and epi-layer, resulting in higher BtB
generation. Unfortunately, this decreases V;, and as a consequence, the onset of saturation in Ip

gets delayed, reducing the r, [53].

o ate C drain
Vbp 99 2 on Wil
F . — 4QstQp)N" N dep
Viias ||F T G= dt + + Ip pr
o—| 2 CasVas I > Vps
Vout — _
! J
Vi source Ip (Vas, Vps)
O—| T1 CL
- 1pF
p Ig = d(?ts
—_— ° —l— 0

FIGURE 4.13: (a) Schematic and (b) equivalent circuit of the CS amplifier in cascode configura-
tions. The de biases Vpp=1 V, Vpius=Vpp/2.
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4.4 Impact of Gate-Overlap L,, on Analog Circuits

The impact of Ly, is studied on the cascode CS amplifier shown in Fig. 4.13. Here, p-channel
VLTFET (pVLTFET) is used as a current source load with its gate terminal connected to Vi;gs.
The pVLTFET has the opposite and equal doping concentrations with similar dimensions as
nVLTFET, except for the materials, as summarised in Table 4.1, and characteristics as shown in
Fig. 4.14. First, we design a CS amplifier with L,,=30 nm for nVLTFET & pVLTFET. The
DC output voltage (operating voltage) of the CS amplifier is adjusted to be Vpp/2 for all the
analyses. Voltage gain A, and unity-gain BW fr of the CS amplifier are measured as 45 dB
and 34 MHz, respectively, under no-load conditions. Next, L,, of VLTFET is increased to 100
nm without changing the other parameters. This provides A,=52 dB and fr=81 MHz, since
gm increases three times which is observed in Fig 4.15. Like CMOS circuits, the gain of the CS
amplifier can also be increased by increasing the width W increase ¢,,, and decreasing r,. In
addition to W, in VLTFETSs, we can increase the gain with the L,, parameter. The percentage
increase in the gain of VLTFET CS amplifier increasing L, will be very high since increasing

L, increases ¢g,,, without affecting r,.

Along with the CS amplifier, we designed the cascode current mirror circuit at a reference
current [.y=1 pA. In conventional CMOS designs, the channel length modulation effect is
more at the lower technology nodes, lowering the Ryy;. In VLTFETS, the source-gate overlap
primarily determines Ip, so the channel length modulation effect is negligible. Fig.4.16a shows
the I,yu+ independent of V. As a result, R, exceeds several MS) as shown in Fig. 4.16b and

reaches a maximum of 10'! Q, leading to the ideal current mirror/source operation. Furthermore,
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increasing the L, from 30 nm to 100 nm increases the R,,: by one order of magnitude under

the same V.
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FIGURE 4.16: Variation of (a) I, and (b) Ry with increasing V,,; of cascode current mirror
with L,,=30 nm, under a reference current I,.;=1 pA.

4.5 Conclusions

In this chapter, we have optimized the VLTFET structure for superior analog performance and
analyzed the impact of source-gate overlap length L,, on analog circuit design parameters g,,, 7o,
Caa, and fr. These devices show excellent saturation characteristics due to the independence
of drain potential on drain current, resulting in an extremely high r,. With an L,, of 100 nm,
the gain of the cascode CS amplifier is 52 dB with a unity-gain BW of 81 MHz. With an L,,
of 30 nm, the cascode current mirror provides a very high R,,;: exceeding 100 Mf2. In essence,
Ly, is a vital parameter in addition to the width for circuit designers for an effective increase in

amplifier performance using VLTFET devices.
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Chapter 5

Novel GOTFET Devices for Digital
and Ternary Logic Applications

5.1 Introduction

In this chapter, two different types of Gate-Overlap Tunnel FET (GOTFET) devices are proposed
for ultra-low power applications: GOTFETsS for (i) digital logic and (ii) Ternary logic applications.
These GOTFET structures have been optimized to have their characteristics far superior to
equally sized 45 nm MOSFETs. GOTFET characteristics were simulated using industry-standard
synopsys® TCAD tools [51] while the benchmarking with an equivalent CMOS technology was
carried out using the standard 45 nm CMOS library in the industry-standard cadence® EDA tool
[92]. Proposed GOTFETSs have on-state currents I, at least twice (Ion,cor> 2Ion,mos) With
off-state currents I,y remaining at least an order of magnitude lower (I,¢r.cor <0.11,f¢ m05),
than the corresponding equally-sized MOSFETSs at the same 45 nm technology node. The
proposed GOTFET designs are targeted for higher I, leading to high-speed operation and lower

I,;s to minimize static leakage in ultra-low-power digital applications.

Ambipolar current at high negative gate biases makes the TFET less effective in complementary
digital circuit applications. TFET structures reported earlier in the literature [113, 114, 115,
116, 117] try to suppress the ambipolar current I,,,;; however, most of them are incapable of
completely eliminating I,,,;. All the above techniques reported in the literature to suppress
ambipolar behavior in TFETS, result in a considerable reduction in the I,,, thereby deteriorating

the RF performance. Hence, this chapter investigates a method to suppress the ambipolar current

48
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Loy effectively, enhance the device performance with higher on-current I,,, lower off-current
I, s, lower inverse subthreshold slope SS, and simultaneously improve RF performance. Starting
with a conventional double-gate TFET structure, the device optimization reported in this work
has led to the gradual improvement in device performance in terms of higher I,,, lower I,
higher I,,/I,¢s ratio, and lower SS. The RF parameters of the optimized GOTFET, such
as the mutual transconductance g,,, gate-to-drain Cgp, and gate-to-source Cgg capacitances
and unity-gain cut-off frequency fr are analyzed. We have optimized the GOTFET device
using the industry-standard synopsys® TCAD tools by studying the impact of various device
parameters and dimensions on performance. We demonstrated that at high negative voltages, the
proposed nGOTFET would completely suppress the ambipolar behavior of the device without
deteriorating the device performance. We have proposed a GOTFET which completely suppresses
the ambipolar current at high negative biases without compromising the high I, (1.04 mA/um)
and low I,rf (0.27 pA/pm) and low SS (32 mV /dec)

Ternary logic has gained considerable popularity in recent years as they yield new functionalities
in VLSI applications, which cannot be achieved (or is difficult to achieve) through conventional
CMOS-based binary logic. Ternary logic offers several significant advantages, such as reduced
interconnects, smaller chip areas, and higher operating speeds over binary logic in the design of
digital systems, as reported earlier [118, 119, 120]. The primary requirement of ternary logic
is that the devices used to implement them must have two different threshold voltages [121,
122, 123]. For the first time in this work, innovative low and high-threshold GOTFET devices
have been reported for ternary logic applications. Based on an iterative algorithm, the DG
GOTFET structures have been optimized such that the GOTFET characteristics are better than
the MOSFETs with the same width at the standard 45 nm technology node. These devices are
designed in such a way that the low and high threshold voltages (LVT & HVT) are Vpp/3 and
2Vpp/3 respectively, with the ranges {0 to Vpp/3}, {Vbp/3 to 2Vpp/3} & {2Vpp/3 to Vpp}
representing the three logic states 0, 1 & 2 respectively. Proposed LVT & HVT TFETs have ON
currents (I,,) roughly twice and OFF currents (I,fy) at least an order of magnitude lower than
the corresponding MOSFETs. This chapter also presents dual-threshold GOTFETSs exhibiting
both LVT & HVT characteristics by simply altering their terminal connections in the same
device instead of the dedicated devices. The threshold voltage (V) usually varies with respect
to geometry, the channel length, doping concentration, gate material, and the drain bias [74,
124]. In the proposed GOTFETS, gate material type and doping concentration greatly influence

on V;. Considering the influence of various gate material work functions, the device structures
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have been optimized to fix the lower & higher Vp at Vpp/3 and 2Vpp /3, respectively.
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FIGURE 5.1: (a) Schematic of the proposed GOTFET device. (b) Electron & (c) Hole BtB
generation in nGOTFET & pGOTFET respectively.
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5.2 Proposed GOTFET Devices for Digital Applications

5.2.1 Structure of the Proposed GOTFET

Fig 5.1 shows the schematic and BtB generation of the n & p GOTFET structure. Device
optimization can be done by changing the channel thickness, gate overlap length, source length,
oxide thickness, metal work function, and the doping concentration of source, channel, and drain
regions. The proposed GOTFET structure can be designed in a 45nm technology node using a
TCAD simulator. The electrical characteristics of the proposed devices, all with an effective
channel length of 45 nm and a thickness of 12 nm, were simulated using the industry-standard

synopsys® TCAD tool [51]. The gate metal thickness is 2.5 nm, and the oxide thickness is 1.5

nm.
TABLE 5.1: Parameters of the nGOTFET & pGOTFET devices

nGOTFET pGOTFET
Region Material Doping /cm? Material Doping /cm3
Source Si1Geg 10?0 p* SioGesg 1020 nt
Channel Undoped Si — SioGeg 5x10'7 p
Drain Si 1020 nt SiaGes 5x10'7 p
Gate Al — Mo —

To validate this work, model and simulation parameters were extracted from data reported in
[125], where authors calibrated the simulation deck with the experimental characterization of
fabricated TFET, which is similar to the GOTFET structure. All the simulations reported in
this work were carried out using extracted parameters from calibrated data, showing appreciable
agreement between experimental and simulation results. Device simulations have been carried
out using the dynamic non-local path BtB generation model along with the standard doping-
dependent mobility models, high field saturation models, filed-enhanced Schenk TAT model,
SRH, and Auger recombination models. Device simulations and analyses were carried out at bias
1 V per the 45 nm technology node limit. Device parameters used for nGOTFET & pGOTFET
optimization are listed in Table 5.1. Materials with appropriate work functions used as the
gate contacts enhance I,,, and Vr can be adjusted accordingly. It has been observed that
among all the possible gate materials, Aluminum (Al) & Molybdenum (Mo) provide excellent
DC characteristics for nGOTFET & pGOTFET devices, respectively.
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FIGURE 5.2: (a) Ip-Vigg characteristics of nGOTFET & nMOSFET for different values of Vpg.
(b) Is-Vsq characteristics of pPGOTFET & pMOSFET for different values of Vsp.

Ip-Vgs characteristics of nGOTFET obtained using a non-local BtB generation model with
increasing Vpg are shown in Fig. 5.2a with 1,,=903 pA/um at Vpg=1 V, which is more than
double that of the MOSFET at 45 nm technology node. Leakage current I,;y=0.3 pA/um
at Vpg=1 V is at least one order of magnitude lower than the corresponding equally-sized
MOSFET in the same technology node. It has been observed that the I,, of GOTFET is
nearly independent of the channel and drain doping while it increases with an increase in the
source doping. Vr, extracted using the third derivative method [74], where 83Ip/0V34 for
Vps=1 V has its first peak at Vgg=0.4 V, denoting Vp,~0.4 V for the optimized nGOTFET.
Similarly, Fig 5.2b shows pGOTFET Ig-Vga characteristics at Vgg = Vgp =1 V. The on-current
I,,=559 pA/pm at Vep=1 V exceeds twice that of an equally-sized MOSFET at the same 45
nm technology node. The leakage current I,r¢=0.1 pA/um at Vgp=1 V is at least one order
of magnitude lower than the equally sized MOSFET. |Vrp|~0.36 V obtained from optimized
pGOTFET, which is much lower than the equivalent pMOSFET.

5.3 Suppression of Ambipolar Behavior of GOTFET without

Compromising I, I,¢s , and SS

To suppress the ambipolar current at a high gate negative biases, GOTFET is further modified
as shown in the schematic Fig. 5.3. In a conventional TFET (without gate-overlap on the
source and drain regions), gate biases, and a few other factors influence the BtB generation
either at the source-channel interface or drain-channel interface. A high +Vgg bias increases

the BtB generation at the p™ source-channel junction leading to a considerable drain current
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FIGURE 5.3: (a) Schematic of the proposed nGOTFET and (b) its corresponding electron BtB
generation..

Ip. Similarly, a high —Vgg bias increases the BtB generation at the n™ drain-channel junction
leading to the ambipolar current I,,,;. Such ambipolar behavior of conventional TFETs due to
high — Vg makes them generally unsuitable for digital logic design, especially in ultra-low-power
applications. To prevent the ambipolar conduction in TFETS, the tunneling width at the n™
drain-channel junction should not be too narrow, as shown in Fig. 5.4b. Higher I,, and negligible
I.mp can be achieved simultaneously if the gate-stack completely overlaps the source and partially

overlaps the drain with a drain doping of Np=10'? /em? and a source doping of Ng=10%" /cm?3.

As shown in Fig. 5.4a, the GOTFET with gate-overlap only on the source side and drain doping
Np=10?" /em3 for Vgs=1 V, the tunneling barrier width at p* source-channel interface becomes
extremely narrow resulting in a desirable very high I,,. However, for Vgg=—1 V, the tunneling
width at n* drain-channel interface also becomes narrow, resulting in an undesirable I,,,;, which

is detrimental in ultra-low power applications. To suppress I, due to narrow tunneling width
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FIGURE 5.4: Energy band diagram of the proposed nGOTFET (a) without gate overlap on the
drain side with Np=Ng=10?" /em? and (b) with gate overlap on the drain side with Np=101?
/cm3 & NS:1020 /cm3 for Vcszo V, Vgszl V, Vcsz—l V and VDS:1 V.

at the drain-channel junction, the gate-overlap on the drain region with a drain doping Np=10'"
/cm? prevents the narrowing of the tunneling width at the drain-channel interface for high

negative gate biases as shown in Fig. 5.4b.

Ip-Vgs characteristics of the GOTFET obtained using non-local BtB generation model for
different values of Vpg are shown in Figs. 5.5a & 5.5b corresponding to without and with
gate-drain overlap, respectively. In addition to the lower drain doping compared to the source,
gate-overlap of length L4, on the drain determines the drain-channel interface tunneling width.
Lioy=3 nm and Np=10" / cm?® completely suppress the ambipolar component I, at high
—Vis as shown in Fig. 5.5b. In the proposed GOTFET, I, at Vgg=—1 V is six orders of
magnitude lower than the I, of the GOTFET with Lg,,=0 nm and typical Np=Ng=10%"
/em3, without reducing the on current (I,,=1.046 mA/um at Vgs=Vps=1 V), while restricting
the leakage current at I,;r=0.27 pA/um at Vgs=0 V & Vpg=1 V, evident in Fig. 5.5b. SS of
the proposed GOTFET is 32 mV /dec, which is much lower than most of the TFETS reported
previously in the literature. As seen in Fig. 5.5c, the threshold voltage Vi of the proposed
GOTFET extracted using the 3'® derivative method [74] is 0.38 V. Fig 5.6 shows the impact of
drain doping and overlap length for the suppression of ambipolar currents in the GOTFETSs.
Fig. 5.6a shows an abrupt decrease in ambipolar conduction with the reduction in Np. The
proposed approach effectively suppresses the ambipolar conduction to I4,,=74 fA/um for a
drain doping of Np=10' /cm?, yielding an on current I,,=1.046 mA/um at Vpg=1 V. Fig.
5.6b shows that the gate-drain overlapping effectively suppresses the ambipolar conduction in

the GOTFET without compromising Io,, I,ff, and SS.
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FIGURE 5.5: (a) Ip-Vgs characteristics of proposed nGOTFET for different values of Vpg

with Np=Ng=10%" /em?, without gate-drain overlap (b) Ip-Vgs characteristics of proposed

nGOTFET for different values of Vpg with Np=10'" /em? & Ng=10%" /cm?, with gate-drain

overlap. (c) Threshold voltage Vi extracted from the characteristics of proposed nGOTFET
using the 3'4 derivative method [74].
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5.4 Proposed LVT & HVT GOTFET Devices for Ternary logic

Applications

5.4.1 Proposed LVT & HVT GOTFETSs Structure and Parameter Optimiza-

tion

LVT & HVT GOTFETS structures have been obtained for ternary logic applications by adjusting
gate material and doping concentration of the semiconductor material. The length and thickness
of the source, channel, and drain regions are similar to as explained in the previous section.
Table 5.2 shows LVT & HVT nGOTFETSs device materials properties. Fig 5.7 shows transfer
characteristics of LVT and HVT nGOTFET acquired using BtB generation in TCAD with

increasing Vpg. Lower V;,; and higher V,,,;, threshold voltages were obtained using the third-order
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FIGURE 5.6: (a) Ip-Vgs characteristics of the proposed nGOTFET showing the influence
of drain doping Np on the ambipolar conduction (b) Ip-Vgg characteristics of the proposed
nGOTFET showing the influence of gate-drain overlap Lg,, on ambipolar conduction
TABLE 5.2: Parameters of the Optimized LVT & HVT nGOTFET
LVT nGOTFET HVT nGOTFET
Region Material Doping (/cm?) Material Doping (/cm?)
Source Sio_lGeo_g 1020 P+ Si0.15G60.85 1020 P+
Channel undoped Si - undoped Si -
Drain Si 1020 N+ Si 1018 N
Gate Al - TiSis —

method. It is observed that peak occurs a Vi3g=0.33 V for LVT and V35=0.66 V for HVT

structure which are considered as Vi,;, and Vi, respectively.

The I,, of the proposed LVT nGOTFET is approximately double that of the LVT nMOSFET,
while I,7; remains one order lower magnitude than the LVT nMOSFET as observed from
Ip-Vgs characteristics as shown in Fig 5.7. Similarly, optimized HVT nGOTFET has I,,
higher than HVT nMOSFET, while I,¢ remains at least an order magnitude lower than HV'T

TABLE 5.3: Parameters of the Optimized LVT & HVT pGOTFET

LVT pGOTFET HVT pGOTFET
Region Material Doping (/cm?) Material Doping (/cm?)
Source Sig.26Gep 74 9x 101 N Sig.a5Geg. 75 1020 N+
Channel Sig.26Geg.74 5x 106 P Sig.25Geq 75 5% 1017 P
Drain Si.26Geo.74 5x 101 P Sig.25Geo.75 1017 P

Gate

TiN

TiSia
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FIGURE 5.8: Ig-Vgq characteristics of (A) LVT (B) HVT pGOTFETS for different values of
Vsp. Vrpr & Vrpy denote the Low & High threshold voltages of the LVT & HVT pGOTFETSs
respectively

nMOSFET as the same technology node. Table 5.3 shows LVT & HVT pGOTFETSs device
materials properties. Fig 5.8 shows the Ig-Vga characteristics of LVT & HVT pGOFET with
corresponding pMOSFETSs, for different values of Vgp. The I, of the proposed LVT pGOTFET
is approximately double that of the LVT pMOSFET, while I,;s remains at least an order of
magnitude lower than the LVT pMOSFET. As well, optimized HVT pGOTFET has I,, higher
than pMOSFET, while I,;¢ remains at least an order of magnitude lower than HVT pMOSFET

at the same technology node.
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FIGURE 5.10: Ig-Vgq characteristics of (A) LVT (B) HVT pGOTFET & pMOSFET for different
values of Vsp

5.5 NTI, PTI & STI Ternary Logic Cells

Negative Ternary Inverter (NTI), Positive Ternary Inverter (PTI), and Standard Ternary
Inverter (STI) are the basic logic cells in ternary logic applications [121].

TABLE 5.4: Comparison of delay and static power consumption of GOTFET and CMOS based

NTT cell.
Circuit parameter Unit GOTFET CMOS
Power supply Vpp A\ 1 1
Delay Tgeiay ns 0.09 0.11
Average static power Pgaric pW 0.174 73.7
PDP (x10~%) J 1.57 810.7

Decrease in PDP 99.81%
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FIGURE 5.11: Schematics of the LVT & HVT CGOT (a) NTI, (b) PTI & (c) STT cells with 100
KQ<R<100 MQ [121].

The following subsections benchmark the characteristics of Complementary GOTFET (CGOT)
based NTI, PTT & STT cells with CMOS-based cells at 45 nm technology node. The schematics of
the NTI, PTT & STTI logic cells are shown in Fig. 5.11 for reference. We benchmarked the circuit
performance of a CGOT NTT logic cell with a CMOS NTT circuit using the freely distributed 45
nm technology library. Figs. 5.12a, 5.12b & 5.12¢ show the simulation results of NTT logic cell
using the industry-standard cadence EDA tool [92]. The average static power in CGOT NTI
is 0.174 pW, which is significantly lower than the CMOS NTI, which consumes 73.7 pW, as
highlighted in Table 5.4. The PDP of CGOT NTI is 1.57x1072% J, which is 0.19% of the PDP
of standard 45 nm CMOS NTI cells (810.7x10723 J). The overall decrement in PDP owing to
the proposed CGOT NTI logic cell is 99.81%. Similar to the NTT cells, Figs. 5.13a, 5.13b &
5.13¢ show the circuit simulation results, benchmarking the performance of a CGOT vs. CMOS
PTT logic cell at the 45 nm technology node. The average static power consumed in CGOT
PTI is 0.041 pW, which is significantly lower than the CMOS PTI, which consumes 22.60 pW,
highlighted in Table 5.5. The PDP of the CGOT PTI is 0.31x1072% J, which is only 0.11% of
the PDP of standard 45 nm CMOS PTI cells (293.8x1072% J). The overall decrement in PDP
owing to the proposed CGOT PTI logic cell is 99.89%. The average delay in CGOT STI at the
45 nm technology node is 0.037 ns, which is significantly lower than the CMOS STI cell, which is
0.114 ns, shown in Fig. 5.14 and highlighted in Table 5.6. The PDP of CGOT STI is 9.7x10~24
J, which is only 0.00014% of the PDP of standard 45 nm CMOS STI cells (7.15x10!® J). The
overall decrement in PDP owing to the proposed CGOT STT logic cell is 99.9999%. It is worthy
of note that all the measurements were done under no-load condition (C7,=0), as a consequence,
the energy consumed per transition in terms of PDP (J) provides a much better estimate of the

power dissipated/consumed rather than the dynamic power, which is dependent on the operating
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FIGURE 5.12: Static power consumption of (a) CGOT and (b) CMOS NTI cells. (c) Comparison
of the delay characteristics of CGOT vs. CMOS NTI cell.
frequency as well as on the capacitive load.
TABLE 5.5: Comparison of delay and static power consumption of GOTFET and CMOS-based
PTT cell.
Circuit parameter Unit GOTFET CMOS
Power supply Vpp A\ 1 1
Delay Tgeiay ns 0.075 0.13
Average static power Pgaric pW 0.041 22.6
PDP (x10~%) J 0.31 293.8
Decrease in PDP 99.89%
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FIGURE 5.13: Static power consumption of (a) CGOT and (b) CMOS PTI cells. (c) Comparison
of the delay characteristics of CGOT vs. CMOS PTT cell.
TABLE 5.6: Comparison of delay and static power consumption of GOTFET and CMOS based
STI cell.
Circuit parameter Unit GOTFET CMOS
Power supply Vpp A\ 1 1
Average Delay Tgeiqy ns 0.037 0.114
Average static power Pgqzic pW 0.262 62750
PDP (x10723) J 0.97 715350
Decrease in PDP 99.99%
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5.5.1 Proposed Dual-Threshold GOTFETSs in the Same Device

In this section, dual-threshold GOTFETSs have been designed, which give LVT & HVT character-
istics in the same device by changing the applied bias voltages. Table 5.7 shows the material and
doping parameters for dual-threshold MOSFETSs. These structures have been optimized such
that symmetric GOTFET operation with front and back gate terminals electrically shorted (i.e.
Vrs=Vps=Vas=1 V) provides the LVT characteristics having Vrr~Vpp/3, whereas asymmetric
GOTFET operation with back gate and source terminals electrically shorted (i.e., Ves=Vgs=1
V & Vps=0 V) provides the HVT characteristics with Vg 2Vpp/3 for Vpp=1 V.The Ip-Vig
characteristics of LVT & HVT nGOTFETSs obtained using the non-local BtB generation model
with increasing Vpg are shown in Fig. 5.15a. The lower Vrp,, ~0.36 V and higher Vrg, =~0.6 V
for the proposed nGOTFETSs were extracted using the third derivative method [74]. The Is-Vsg
characteristics of LVT & HVT pGOTFETSs with increasing Vgp are shown in Fig. 5.15b. lower
|Vrrp| =0.32 V and higher |Vrg,| ~0.6 V were obtained for the proposed pGOTFETS.
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TABLE 5.7: Parameters of dual-threshold nGOTFET and pGOTFET

LVT & HVT nGOT LVT & HVT pGOT
Region Material Doping /cm? Material Doping /cm3
Source SipsGe.go 1020 pt Si 2gGe 7o 9x10™ nt
Channel Si 10'° n SiosGe 72 5x106 p
Drain Si 1020 nt+ SiosGe.ra 1019 p*
Front gate TiSis — TiSis —
Back gate Al — TiN —

102 —Vps=0.6 vV nGOTFET 102 — Vgp=0.6 V pGOTFET
— Vps=0.8 V 600 — Vgp=0.8 V 100
1004 — Vps=01V 1004 — Vsp=01V
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FIGURE 5.15: (A) Ip-Vgs characteristics of dual-threshold nGOTFETsS for different values of
Vbs. (B) Is-Vse characteristics of dual-threshold pGOTFETS for different values of Vgp.

5.6 Conclusions

The GOTFETSs proposed in this chapter for ultra-low-power circuits have I,¢; at least an order
of magnitude lower. At the same time, I,, exceeds double that of an equally sized standard
MOSFET at the same 45 nm technology node. The higher I, makes the circuits more robust
with improved performance, while lower I,¢¢ leads to a significant reduction in static (leakage)
power dissipation. The influence of various device parameters has been optimized to improve
electrostatics, leading to better device characteristics. We further modified the structure to
suppress the ambipolarity currents in negative gate biases for digital circuit applications. We
have demonstrated that gate overlap on the drain side and drain doping concentration decreases
the tunneling width at the drain-channel interface, resulting in the suppression of ambipolarity
at high negative gate biases. In the proposed GOTFET, ambipolar current at Vgg=—1 V is
six orders of magnitude lower than the ambipolar current of the GOTFET without gate-drain

overlap and Ng=Np=10?° /ecm?. Unlike most of the techniques reported in the literature, the
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proposed technique does not deteriorate the I, & Iofs levels, maintaining I,, = 1.046 mA /um
and I,rr = 0.27 pA/um at Vps=1 V. In addition to improving the GOTFETS’ performance of
digital circuits, this chapter also presents LVT & HVT GOTFET devices for ultra-low power
ternary logic circuits. Ternary logic circuits have reduced interconnect delay, less area, and lower
power than digital circuits. The LVT & HVT GOTFET devices proposed in this chapter have
I,;y at least an order magnitude lower than the MOSFET, while I, is roughly twice that of the
MOSFET at the same technology node. The higher I,, makes ternary logic circuits operate much
faster, while lower I, leads to a significant reduction in static power consumption. Appropriate
material with appropriate work functions has been optimized so that the LVT & HVT voltages
are Vpp/3 and 2Vpp/3, respectively. The NTI, PTI & STI logic cells have been designed using
LVT & HVT CGOT devices and compared with analogous CMOS ternary logic cells. The overall
power delay product of CGOT logic cells is two orders lower than the corresponding CMOS
logic cells. The NTI, PTI, and STT cells designed with the proposed LVT & HVT CGOT are

excellent starting points for designing any practical ternary logic applications.
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Chapter 6

Ultra-Low Power VLSI Applications
of the Proposed GOTFET Devices

This chapter goes further beyond the device level and shows, with the help of the implementation
of digital circuits using proposed GOTFETS in the previous chapters, that the proposed GOTFET
devices outperform similar CMOS designs in both aspects of the speed of operation and power

consumption.

6.1 Implementation of Digital Basic Building Blocks

Low power design circuits, GOTFET is a promising alternative for the MOSFET due to its
SS and low leakage currents. Higher Ipy and SS enable the CGOT-based digital circuits to
operate faster and lower static power consumption compared to the same circuit implemented
with CMOS devices due to low Iprp. The schematic of the inverter circuit design using CGOT

and its delay characteristics are shown in Fig. 6.1.

1.0 -\
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FIGURE 6.1: (a) Schematic of CGOT inverter (b) Delay comparison CGOT vs. CMOS inverter.
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FIGURE 6.3: Schematic of CGOT digital circuits : 2 input (a) NAND (b) NOR (¢) XNOR
gates.

The performance of the CGOT inverter has been benchmarked with identical CMOS based
inverter with same aspect ratio. The circuit has been simulated at 1 GHz clock frequency with
a load capacitance of 10 fF. As evident from Fig. 6.1 the CGOT inverter operates 1.43 times
faster than the corresponding CMOS inverter. The comparison of static power consumption of
CGOT with CMOS inverter is shown in Fig. 6.2. The CGOT inverter consumes merely 0.009
times the power consumed by corresponding CMOS inverter. Overall a decrease of 99.45% in

PDP can be achieved by replacing the CMOS devices with the proposed CGOT devices.
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FIGURE 6.2: Comparison of static currents (a) CGOT vs. (b) CMOS inverter..

The schematic of the CGOT 2-input NAND, NOR and XNOR gates is shown in Fig. 6.3. The
comparison of delay and static power characteristics for NAND, NOR and XNOR gates are
shown in Figs. 6.4, 6.5 & 6.6 respectively. The improvement in the performance parameters is

summarized in Table 6.1.
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TABLE 6.1: Benchmarking the performance parameters of inverter NAND, NOR & XOR gates
implemented with CGOT and CMOS technologies at 10 fF load capacitance

Inverter 2-i/p NAND 2-i/p NOR 2-i/p XNOR
Circuit parameter Unit CMOS CGOT CMOS CGOT CMOS CGOT CMOS CGOT
Bias Vpp V 1 1 1 1 1 1 1 1
Delay 7pq LH ps 168 117 184 106 201 146 331 223
Delay 7pq 11, ps 215 119 254 148 337 157 290 182
Average delay ps 191.5 118 219 127 269 151.5 310.5 202.5
Static Inign PA 15 0.063 19 0.125 51 0.125 55.6 0.251
Static Ijou pA 3.5 0.103 9.4 0.206 5.4 0.165 48.8 0.413
Average Psiatic pW  9.25 0.083 14.2 0.166 28.2 0.145 52.2 0.332
PDP (x10723) J 177.1 0.98 310.98 2.1 758.6 2.2 1620.81 6.72
Decrease in PDP 99.45 % 99.32% 99.71% 99.58%

GOTFETSs have been found to perform better in digital circuits as compared to the standard
MOSFET circuits and are an apt replacement for MOSFETs. The use of GOTFETSs speeds
up the operation and power wastage is reduced significantly and leading to a lower PDP as

compared to MOSFET based circuits.
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6.2 GOTFET Based Improved Double-Tail Dynamic Compara-

tor
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FIGURE 6.7: Schematic of the CGOT double-tail dynamic comparator with conventional design.

ADC is important block which connects analog & digital circuits in wide variety of DSP and
mixed signal applications. Comparator are basic building block in ADC, requires high speed less
delay. Usually, dynamic comparators are preferred in ADC because of less delay and low power
dissipation. The double-tail CGOT comparator is formed by cascading a preamplifier with a
latch. GOTFETs T31-Ty constitute the preamplifier and TFETs T1g-T16 form the latch as shown
in Fig. 6.7.
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The conventional Dynamic Comparator designed using the proposed CGOT paradigm exhibits
93 ps (25%) lower delay than similar CMOS designs and consumes merely 1.11 pW (99% lower
than CMOS) of static power. The overall PDP in the CGOT comparator design has been shown
to be only 0.5% of the PDP of a conventional CMOS comparator. The simulation result of delay
characteristics, shown in Fig. 6.8, indicate that the CGOT comparator has a delay of only 277
ps while the analogous CMOS double-tail comparator exhibits a delay of 370 ps.
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A /| 1
> .= Tt
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| /i \ i to zero during
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Time (ns)

FIGURE 6.8: (a) Bench marking the delay characteristics of conventional CGOT vs. CMOS
double-tail comparator.

The static power consumption of the comparator for the HIGH and LOW output states is
compared with that of CMOS in Fig. of 6.9. The static power consumption of merely 1.11 pW in
CGOT double-tail comparator is significantly lower than that of CMOS double-tail comparator
which consumes 154 pW. The overall PDP of CGOT double-tail comparator is only 3.07 x 1022
J, which is merely 0.5% of the PDP of the standard 45 nm CMOS double-tail comparator
(5.7 x 1072 J). The reduction in PDP by simply replacing MOSFETs with GOTFETs in

conventional double-tail comparator circuit is 99.5%, as summarized in Table 6.2.
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FIGURE 6.9: (a) Static power consumption of CMOS contrasted with that of (b) CGOT
conventional double-tail comparator.

TABLE 6.2: Significant improvement in propagation delay and static power consumption of
CMOS and CGOT conventional double-tail dynamic comparator design

Circuit parameter Units CMOS CGOT
Power supply Vpp A% 1 1
Propagation delay ps 370 277
Static power, LOW Clk pW 81.86 1.04
Static power, HIGH Clk pW 226.25 1.18
Average static power pW 154 1.11
Power Delay Product (PDP) x10722 J 570 3.07
Decrease in PDP 99.5%

The high ON currents Ipy of the optimized GOTFETs ensures faster operation of the CGOT
comparator as compared to the CMOS based comparator. As expected out of TFET technology,
immense savings in static power consumption has been achieved due to the low OFF currents
Iopr of the optimized GOTFETs. Overall, the decrement in PDP in the CGOT double-tail
comparator circuit is 99.5%, with the PDP of the CGOT conventional double-tail regenerative
comparator being less than 0.5% of the PDP of standard 45 nm CMOS based analogous circuit.

6.3 GOTFET Based Dynamic Full Adder (DFA)

Full adder (FA) is one of the basic building blocks for most of the arithmetic and logic circuits in
DSP and microprocessors. The DFA performance has been benchmarked with the same circuit
using industry standard 45 nm CMOS devices. By replacing the standard CMOS devices with
the proposed CGOT devices, the overall PDP is further reduced to merely 0.9% of the standard

(vr) qp
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TABLE 6.3: Truth table of a Full Adder (FA)

A |[0[1]0[1]O0|1]O0]1

Operand
O(o0f{1]j1(0]jO0O]1]|1
C [0[0]0O]|O|1|1]1]1
Sum Of1{1{01]0]0|1
Carry 00|01 ]O|1]1]|1

Carry (CY) =AB + BC + AC

Sum (S) = ABC + ABC+ ABC + ABC
CY=A4B +C(A+B) Simplified
S =CY (A+B+C) + ABC Expressions

CMOS designs. Conventional FA uses an nMOS based pull down network (PDN) with equal
number of complementary pMOS based pull up network (PUN) to implement the FA functionality
given in Truth Table 6.3. However a more efficient CGOT DFA is formed by cascading a Carry
Module with a Sum Module as shown in Fig. 6.10. In the CGOT DFA, the entire PUN is
replaced with a single precharging pGOTFET T% in the Carry Module and pGOTFET Tig
in the Sum Module, significantly reducing the transistor count and gate capacitance, thereby
improving the performance of the DFA. The carry logic is implemented using the simplified

expression of carry CY = AB + C(A + B) through the PDN formed by nGOTFETs T - Tg

and the inverter formed by GOTFETs Ty & Ty generate the required CY signal. The simplified
sum S = CY (A + B+ C) + ABC is implemented by the PDN nGOTFETs Ti;-Ti7. GOTFETSs

T19-T5g form the inverting buffer stage generating the required .S signal.

The operation of the Carry Module and Sum Module with respect to Clk signal for all combina-
tions of inputs are illustrated in Fig. 6.11. When the clock Clk is LOW, both the CY and S
nodes are precharged to the HIGH state through pGOTFETs T7 & Tig respectively. This forces
CY and S nodes to the LOW state. Both the CY and S PDN networks are enabled as soon
as the Clk signal goes HIGH and the output nodes CY & S are pulled down to LOW state if
the inputs satisfy the corresponding logic, else the nodes remain at HIGH state. The inverters
produce the required S and CY outputs when the Clk is HIGH and toggle back to the LOW
state when the Clk goes LOW.
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FIGURE 6.10: Schematic of the CGOT based conventional DFA.

6.3.1 Benchmarking CGOT DFA Against CMOS Dynamic Full Adder

Circuit performance of the CGOT conventional DFA was benchmarked with the same circuit

using 45 nm CMOS library, since the effective channel lengths of the proposed GOTFETSs are 45

nm. The widths of the corresponding device instances used in the two circuits being benchmarked
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FIGURE 6.11: Operation of CGOT DFA at 500 MHz Clk.

have been kept equal. Circuit simulations shown in Fig. 6.12 indicates that CGOT DFA has a
carry and sum delays of only 111 ps and 143 ps respectively while CMOS DFA exhibits carry
and sum delays of 162 ps and 242 ps respectively. Furthermore, the average static power in
CGOT DFA is only 2.6 pW which is significantly lower than CMOS DFA which consumes 168.4
pW as indicated in simulation results of Fig. 6.13. The PDP of CGOT DFA is 3.72x10722 J
which is merely 0.009 times the PDP of CMOS DFA (4.01x1072° J). Overall, the decrement in
PDP by replacing MOSFETSs by the proposed GOTFETS in same DFA circuit is 99.1% as listed
in Table 6.4.

CGOT DFA is faster in operation than the CMOS DFA owing to the former’s higher Ipy and
higher transconductance g,, with respect to the standard CMOS. An overall reduction of 99.1%
in PDP of conventional DFA can be achieved by replacing CMOS devices with proposed CGOT

devices.
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FIGURE 6.13: Static Power Consumption of (a) CMOS DFA (b) CGOT DFA

6.4 GOTFET Based Regenerative-Latch Schmitt Trigger

Schmitt triggers are ideal candidates to implement computational and memory elements of
low-voltage circuits as they have much larger NM than the corresponding static CMOS logic
circuits [126, 127, 128]. Schmitt triggers are also widely used for shaping waveforms under
noisy conditions in communication circuits. Schmitt triggers implemented with the proposed
GOTFETSs will consume substantially lower power than corresponding CMOS Schmitt triggers
which is an added advantage since total power available on-board on IoT sensors is limited.
The power supply voltage Vpp available for implementation of logic and arithmetic circuits
is extremely low (less than 0.5 V) for IoT sensor applications. Decrease in Vpp reduces the
noise margins of the circuit, making CMOS static circuits extremely susceptible to noise at

ultra-low voltages. The circuit has an extremely poor average low noise margin (NM=180
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TABLE 6.4: Comparison of delay and static power parameters of CGOT and CMOS based
Dynamic FA (DFA) for a capacitive load equivalent to the fanout of 4.

Circuit parameter Units CMOS DFA CGOT DFA
Power Supply Vpp A% 1 1
Carry Delay ps 162 111
Sum Delay ps 242 143
Static Power, LOW Clk pW 90.74 1.4
Static Power, HIGH Clk pW 246 3.8
Average Static Power, Pstatic pW 168.4 2.6
PDP (x10~%2) J 401 3.72
Overall Decrease in PDP w.r.to CMOS DFA 99.1%

mV & NMp=185 mV) for a Vpp=400 mV making the CMOS static inverter quite unreliable.
Furthermore, Vpp reduction in turn reduces the overdrive V,,=(Vgs — V;) available at the gate
terminals of the transistors, which in turn, reduces the switching currents resulting in larger

propagation delays.

The schematic of the conventional Schmitt trigger inverter /buffer circuit [126, 129] implemented
with CGOT is shown in Figs. 6.14. The performance of CGOT conventional Schmitt trigger
circuit was compared with the same conventional Schmitt trigger circuit implemented using
standard 45 nm CMOS devices and the comparative simulation results are shown in Fig. 6.15.
The optimized GOTFET channel length is 45 nm and hence the same technology node for CMOS

has been used for benchmarking. The noise margins (hysteresis width) have been kept same in
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FIGURE 6.14: Schematic of the CGOT conventional Schmitt trigger inverter/buffer.
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FIGURE 6.15: Transient switching characteristics of the CGOT vs. CMOS conventional Schmitt
trigger inverter/buffer at a capacitive load of 20 fF.

both the circuits by appropriately sizing the transistors for accurate and meaningful comparison.
An equal load capacitance of 20 fF was considered for both the circuits. On one hand, since our
proposed GOTFETSs have better Ipn than that of the corresponding MOSFETS, the delays of
CGOT Schmitt trigger are significantly lower than the CMOS Schmitt trigger circuit. On the
other hand, since the Ippp of our proposed GOTFETSs are at least one order lower than the
corresponding MOSFETS, the static power consumption in CGOT Schmitt trigger is significantly
lower. The simulation results indicate that CGOT conventional Schmitt trigger has significantly
lower average delay of 82 ns as compared to CMOS conventional Schmitt trigger which has a
delay of 847 ns. These results also indicate that the average static leakage current in the CGOT
Schmitt trigger is merely 2.85 pA as compared to leakage current of 61.3 pA of CMOS Schmitt
trigger. While the short circuit current in CGOT Schmitt trigger is higher, the average total
power is lower (3.84 nW) than the CMOS Schmitt trigger (4.52 nW) due to faster switching of
states (due to higher g, and lower inverse sub-threshold slope (SS) of the proposed GOTFETS).
The overall PDP of CGOT conventional Schmitt trigger is only 0.32 £J which is merely 8.35%
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of the PDP of the standard 45 nm CMOS conventional Schmitt trigger (found to be 3.83 fJ).
Overall, the decrement in PDP in the CGOT conventional Schmitt trigger circuit is 91.7% (Table
6.5).

TABLE 6.5: Improvement in delay and power consumption of CGOT w.r.to CMOS Schmitt
trigger for a capacitive load of 20 fF.

Conventional Design

Circuit parameters Units CMOS CGOT
Power supply Vpp mV 400 400
Noise margin mV 260 260
Hysteresis width mV 120 120
Inverter delay 7,.n ns 494 33
Inverter delay 7pr1, ns 779 103
Buffer delay 7,0 ns 1223 144
Buffer delay 7,m1, ns 890 49
Average delay 7, ns 847 82
Average power Fy,q nW 4.52 3.84
PDP fJ 3.83 0.32
PDP w.r.to CMOS 91.7%

The high Ipy of the optimized GOTFETSs ensure faster operation of the proposed CGOT Schmitt
trigger as compared to the CMOS based Schmitt trigger. As expected out of TFET technology,
immense savings in static power consumption has been achieved due to the low OFF currents of
the optimized GOTFETSs. Overall, the decrement in PDP in the CGOT Schmitt trigger circuit
is 91.7% as compared to the PDP of the conventional CMOS Schmitt trigger.

6.5 GOTFET Based Innovative Ternary Flash ADC

Recent studies have revealed that ternary logic significantly reduces transistor count besides
enabling faster data transfer [130, 131, 118, 119]. Ternary logic circuits can be implemented using
CMOS devices, but they consume considerably large power. Ternary ADC must be designed

so as to receive analog input and provide ternary 2-bit output as depicted in Table 6.6. Unlike
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binary, voltage levels Vpp, Vpp/2 & 0 are interpreted as logic states 2, 1 and 0 respectively. The
analog input is first quantized into 9 discrete levels using 8 comparators as shown in Fig. 6.16.
The next step is to design a combinational logic circuit to convert these 9 different quantized

levels into signals which can drive two ternary encoders (Fig. 6.16).

TABLE 6.6: Quantization levels and equivalent 2-bit ternary output.

Level 0

Quantization levels ey vt

B, B,

Level8 ____, 2 2

Level 7 = > ) 1

Level6 | _____________ > 2 0

Level 5| . > 1 2

Leveld4 | ___ > 1 1

Level 34 .. > 1 0
Level 2 | > 0 )
Level 1 | __ > 0 1
0 0
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The output stage consists of two independent encoders which generate the 2-bit ternary digital
output as shown in Fig. 6.17. Encoderl generates the LSB By with inputs Xs & X; while
Encoder? generates the MSB B; with inputs Y5 & Y;. Performance of the Encoder is shown in
Fig. 6.18. Truth table for designing the combinational block with comparator outputs as input
variables is shown in Table 6.7. The other combinations of comparator outputs are considered
as don’t care conditions while optimizing the combinational logic. On careful study, it can be
seen that this novel ADC design requires only 48 transistors to encode the comparator outputs
into the 2-bit ternary output which is significantly lower than the 70 transistors required for the

2-bit ternary flash ADC design reported earlier [132].

6.5.1 Validation of the Proposed ADC Design
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FIGURE 6.19: Transient response of the proposed CGOT Ternary ADC output vs. CMOS ADC
for input signal sweep +200 mV at 10 fF Load capacitance.

Circuit simulations were carried out by providing an input sweep from -200 mV to 4200 mV,

with an DC bias of 0.655 V and capacitive load of 10 fF. The simulation results are shown in
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Fig. 6.19. The ADC output from both CGOT and CMOS ADC is shown in the figure. The
quantization step size of 50 mV in order to generate 9 discrete quantized levels. The ternary
output waveform (Fig. 6.19 ), perfectly matched with the desired truth table in Table 6.7. The
static characteristics of the proposed ADC for analog input sweep from -200 mV to +200 mV
with DC bias of 650 mV is shown in Fig. 6.20. The Figures of Merit (FOM) of the ADC as
specified in [133, 134] are placed as Table 6.8. The Differential Non-linearity (DNL) and Integral

Non-linearity (INL) plots are shown in Fig. 6.21.

TABLE 6.7: Truth table for the combinational block design.

Comparator output Encoder input Encoder output
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6.5.2 Performance Benchmarking of the Proposed GOTFET Against CMOS
Ternary Flash ADC

Performance of the proposed 45 nm CGOT ternary flash ADC is benchmarked with the same
ADC circuit using industry-standard standard 45 nm CMOS library. The corresponding device
widths have been kept same in the two circuits for meaningful benchmarking. In Table 6.8, the
performance of the CGOT and CMOS circuits have been benchmarked. Clearly, for the same
proposed circuit, we obtain the same Signal to Noise Ratio (SNR), Effective Number Of Bits
(ENOB) along with DNL and INL values.
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FIGURE 6.21: Differential Non-linearity (DNL) and Integral Non-linearity (INL) Characteristics
of proposed ternary ADC.

Since our proposed GOTFETs have twice the Ipn of the corresponding MOSFETS, the delays
of CGOT ternary flash ADC is much lower than the equivalent CMOS circuit. As GOTFET
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Iorr remains at least one order lower than the corresponding MOSFETsSs, the static leakage
power consumption in CGOT ternary flash ADC is significantly lower than the CMOS designs.
Higher Ipn leads to higher dynamic power consumption which has been minimized through the
novel circuit design. Finally, the CGOT ternary ADC has an average delay of only 4.26 ns while
CMOS based ternary ADC exhibits a delay of 13.52 ns. The results also indicate total power
of only 12.4 W in CGOT ternary flash ADC which is significantly lower than that of CMOS
ternary flash ADC which consumes 59.9 yW. The overall PDP of CGOT ternary flash ADC
is only 0.051 pJ which is merely 6.3% of the PDP of the standard 45 nm CMOS ternary flash
ADC (0.81 pJ). Overall, the decrement in PDP due to the proposed GOTFET based improved
ternary flash ADC circuit is 93.7% as compared in Table 6.8.

TABLE 6.8: Performance of proposed CGOT ternary ADC compared with CMOS ternary ADC
at 10 fF capacitive load

Ternary ADC

Circuit parameter Unit CMOS CGOT
Technology Node nm 45 45
Power Supply Vpp A% 1 1
Resolution mV 50 50
DC Bias \% 0.65 0.65
Dynamic range mV +200 +200
Signal to Nose Ratio (SNR) dB 20.9 20.9
Effective Number of Bits (ENOB) bit 3.2 3.2
Max.Differential Non-linearity (DNL) LSB 0.6 0.6
Max.Integral Non-linearity (INL) LSB 0.32 0.32
Average Delay ns 13.52 4.26
Average Power W 59.9 12.4
PDP pJ 0.81 0.051

PDP w.r.to ternary CMOS ADC 6.3%
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6.6 An Advanced Adiabatic Logic Using GOTFET Devices

Internet of Things (IoT) envisages interconnecting all relevant physical objects, both living
and non-living, through a reliable communication network so as to enable a wide variety
of complex monitoring and control mechanisms. RFID tags and biomedical sensors are the
most critical elements in IoT [135, 136]. These sensors generally operate at low frequencies
and have very limited on-board power source. Adiabatic logic circuits are ideal candidates
to implement computational and memory elements of RFID and biomedical sensors as they
consume significantly lower power than the corresponding static CMOS logic circuits. The
Energy Saving Factor (ESF) of the adiabatic circuits may be further increased significantly, by
using the proposed GOTFETSs instead of the standard CMOS devices.
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FIGURE 6.22: Performance plots of CGOT inverter in adiabatic mode.
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6.6.1 Principle of Adiabatic Energy Recovery Cycle

A typical CGOT inverter is shown in Fig. 6.22 with a net capacitive load CL at the output
node (including the intrinsic capacitance at the output node as well as the input and parasitics
capacitances of the following stage). When the input changes from HIGH to LOW state, the
output node gets charged to Vpp through the pGOTFET. In a conventional inverter design
with constant DC power supply Vpp, the energy stored in the capacitor during this process
is V3,CL/2, while the energy consumed from the power source is V3,Cr,. The balance of
V2,0L/2 is dissipated as heat (I?R loss) in the pPGOTFET. If the power supply is ramped up
in 2 steps, the energy dissipated in pGOTFET is reduced to Vj% pCr/4 and it can be further
reduced to Vl% pCr/2n by ramping the power supply in n steps. Adiabatic Logic utilizes a slow
ramp voltage (i.e. n — o0) instead of a standard DC supply Vpp [137, 138]. A low frequency
ramp Vpp allows the output node to closely follow the power supply thus ensuring minimal
voltage drop across the Pull Up Network which in turn,minimizes the power dissipation in the

devices.

6.6.2 CMOS Symmetric Pass Gate Adiabatic Logic (SPGAL)

Fig.6.23 shows the schematic and performance plots of a standard CMOS SPGAL buffer. When
the Clk signal is ramping up from LOW to HIGH logic states, one of the output nodes V4 or
Vout— is charged HIGH through the cross-coupled PMOSFETs M; or Ms. The complementary
input signals are fed to nMOSFETs M3 and M, ensuring that only the desired output node
among Vo and Vi is charged HIGH when Clk goes HIGH. However, when Clk retreats
back to LOW, the charge accumulated at the output nodes V. + or Vg, is discharged back
to the power supply through transistors M; or My which have interchanged its source & drain
terminals for the energy recovery phase. As a consequence of swapping terminals, the current
during the energy recovery phase in performance plot (Fig. 6.23b) appears negative. Resonant
energy recovery clock circuits [139, 140] can be used to harvest this energy and significantly

reduce the power consumption of the circuit.
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6.6.3 Limitations of CMOS SPGAL Buffer

Firstly, the threshold voltage VTp of the pMOSFETs M; and Ms limits the amount of charge
that can be recovered back. M; or Ms would conduct charge back to the clock only as along as

the voltage at output nodes |Vou—| or |Voyet | is above |Vpp| of the corresponding pMOSFET.
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This results in a residual voltage of around 0.4-0.45 V at the output nodes even when the
Clk signal is LOW. Secondly, an additional Discharge signal must be applied at the gates of
nMOSFETs M5 or Mg to reset the output nodes to their LOW state as illustrated in Fig. 6.23a.

This unnecessarily complicates the circuit with additional resetting clock circuitry.

6.6.4 GOTFET Adiabatic Logic (GOTAL)

6.6.4.1 Advantages of CGOT Over CMOS for Adiabatic Logic

As the power supply signal retreats back, the charge on the output nodes are driven back to
the power supply. The energy pumped back from the circuit during retreating power supply
signal can be harvested by using specially designed resonant energy recovery clock circuits [139,
140]. Proposed GOTFETSs having at least one order lower Ippp and almost double the Iy
currents than analogous MOSFETSs at the same technology node and same width are ideal
replacement for MOSFETSs in adiabatic circuits. Comparative performance plots for the CGOT
vs. CMOS adiabatic inverters/buffers, with a slow Vg replacing Vpp as the power clock
supply, along with LOW logic applied at the input are shown in Fig. 6.22. The static leakage
current in CGOT inverter with Vi, at HIGH logic state is 0.06 pA which is barely 0.41% of the
analogous CMOS inverter which has a corresponding static leakage current of 14.6 pA. Higher
Ion of GOTFETSs and lower channel resistance results in the output voltage closely following
Veik, which in-turn results in lower power dissipation in the pGOTFETs (514 pW) than the
corresponding pMOSFETs (779 pW) in CMOS inverter.

The schematic of the proposed GOTFET Adiabatic Logic (GOTAL) inverter/buffer and its
characteristic performance are depicted in Figs. 6.24a & 6.24b respectively. GOTAL is a
significant improvement over the SPGAL topology. The novelty in GOTAL topology is the
usage of diode connected LVT nGOTFETSs T7 & Ty for reducing the non-adiabatic losses and
cross-coupled LVT nGOTFETSs T5 & Tg to eliminate the requirement of the Discharge pulse.

This circuit also uses complementary input and output structure like SPGAL.
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6.6.4.2 GOTAL Inverter/Buffer
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FIGURE 6.24: (a) Schematic and (b) performance plots of GOTAL inverter/buffer
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FIGURE 6.25: Variation of the energy consumed from the power clock per cycle in GOTAL
inverter/buffer circuit with (a) power clock frequency under a capacitive load of 10 fF and (b)
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capacitive load at 50 MHz power clock frequency.

When Clk retreats back, the charge accumulated at the output nodes Vyyu4 or Vi, — is dis-

charged back to the power supply not only through transistors M; or Ms but also through the

diode connected LVT nGOTFETs 17 or T3. Having Vi approximately 100 mV lower than the

pGOTFETs Ty or Ts, the LVT nGOTFETSs T% or Tg turns ON before 77 or T5 , ensuring higher
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current resulting in greater charge recovery. The residual voltage is only 0.15 V at 1 MHz and

0.32 V at 100 MHz.
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FIGURE 6.26: Variation of the power consumed in GOTAL inverter/buffer circuit with (a)
power clock frequency under a capacitive load of 10 fF and (b) capacitive load at 50 MHz power
clock frequency.

This low residual voltage is not likely to adversely affect the following stage of the circuit. The
LVT nGOTFETSs T5 and T help in clamping the complementary output node to zero during
charging phase. If the input A is HIGH, V,,,;+ is charged to HIGH when Clk goes HIGH. As V11
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gets charged, LVT nGOTFET T6 clamps the complementary output node output node Vi to
zero, discharging any residual voltage, however low, accumulated during the previous cycle. The
low residual voltage and LVT nGOTFETSs T5 or Tg completely eliminates the requirement of

Discharge pulse from an additional resetting clock circuitry.

Comparison of energy consumed per cycle for frequency range 1-100 MHz and the effect of
change in load capacitance from 1 fF to 10 fF at 50 MHz frequency with respect to static CMOS
design and CMOS SPGAL are shown in Fig. 6.25a & 6.25b respectively. GOTAL circuits are
extremely power-efficient for low frequency VLSI sensor applications. The comparison of the
power consumption in GOTFET Adiabatic Logic (GOTAL) for frequency range 1-100 MHz and
effect of change in load capacitance from 1 fF to 10 fF at 50 MHz frequency with respect to
static CMOS design and CMOS SPGAL are shown in Figs. 6.26a & 6.26b respectively.

6.6.5 Conclusions

In this chapter, we have implemented the digital circuits using GOTFET, and their perfor-
mance parameters were benchmarked with a 45nm technology node. It has been demonstrated
that the optimized GOTFET-based digital gates like inverter, NAND, NOR, and XOR consume
significantly lower power compared to CMOS circuits and operate faster than the CMOS circuits.
Compared to the corresponding CMOS-based digital circuits, a 98-99% reduction in PDP has
been observed in CGOT digital circuits. A conventional dynamic comparator designed using the
proposed CGOT paradigm in this chapter exhibits 93 ps (25%) lower delay than similar CMOS
designs and consumes merely 1.11 pW (99% lower than CMOS) of static power. The overall
PDP in the CGOT comparator design has been shown to be only 0.5% of the PDP of a conven-
tional CMOS comparator. The overall PDP in the proposed CGOT regenerative-latch-based
Schmitt trigger has been demonstrated to be merely 1.9% (98.1% lower than) of the PDP in the
corresponding conventional CMOS design. A conventional DFA designed using the proposed
CGOT paradigm in this chapter exhibits 100 ps (40%) lower & 50 ps (30%) delays for the sum
and carry signals than similar CMOS designs. Furthermore, the CGOT DFA consumes merely
2.6 pW (99% lower than CMOS) of static power. The overall PDP in the proposed CGOT
improved DFA design has been 0.9% of the PDP of a conventional CMOS DFA. The overall
PDP in the proposed CGOT regenerative-latch-based Schmitt trigger has been demonstrated to
be merely 1.9% (98.1% lower than) of the PDP in the corresponding conventional CMOS design.

A novel ADC design is proposed in this chapter, which requires only 48 transistors to encode the
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comparator outputs into the 2-bit ternary data which is significantly lower than the 70 transistors
necessary for the 2-bit ternary ash ADC designs reported earlier. The overall PDP in the
proposed in CGOT based ADC decrease to be 99.7% (two orders lower) than the corresponding
CMOS design. GOTFET-based advanced Adiabatic Logic presented in this work consumes up
to 67% lower power than the equivalent CMOS-based Symmetric Pass Gate Adiabatic Logic, the
most power-efficient adiabatic topology reported in recent literature. GOTFET-based Adiabatic
inverter consumes up to two orders (97%) lower power than the conventional static CMOS

circuits at the same frequencies of operation under the same capacitive loads.
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Chapter 7

Conclusion and Future Work

7.1 Conclusion

This thesis proposes different TFET devices for analog, digital, and ternary logic applications.
DGLTFET devices proposed in this work have twice the transconductance g,,, at least two
orders higher output resistance r, and at least two orders higher overall intrinsic gain g¢,,7,
compared to an equivalent MOSFET with the same width and technology node. Proposed
LTFETSs provide higher output resistance r, and higher pinch-off Vpgsat, leading to a lower
saturation region in the Ip — Vpg characteristics for analog applications. Improvement of the
gmTo, & thin epitaxial (epi-) layer is sandwiched between the gate and the source regions to
enable line tunneling. This work explained the effect of ., and n., on analog performance in
DGLTFET devices. In this thesis work, we have shown the device and circuit methodology to
design the DGLTFET-based circuits. For this work, device simulations have been performed
in Synopsys TCAD tools, and circuit simulations have been done using behavioral Verilog A
models in Industry standard Cadence EDA tools. We have designed a few analog circuits, bench-
marking their performance with the CMOS technology node. The AC gain of CS amplifier-based
DGLTFET devices with resistive load provides 8 dB higher than MOSFET technology. Similarly,
the AC gain of cascode CS amplifier-based DGLTFET devices is 30 dB higher than MOSFETSs.
The DGLTFET-based current mirror circuits provide superior I,,; saturation characteristics
due to the negligible channel length modulation effect in the DGLTFET than the MOSFETs.
Furthermore, the output resistance Ry, of the DGLTFET is approximately three orders higher
than the MOSFETSs. The two-stage op-amp implemented with the DGLTFET yields 23.5 dB
higher CMRR. compared to the MOSFET-based design.
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This thesis described the impact of L,, in VLTFET devices on the analog circuit performance.
We observed a significant increase in gain in the CS amplifier by changing the L, parameter
over the width. Also, we observed that improvement in R,,; in the cascode current mirror circuit
using these devices. We concluded that L, place a significant role in addition to width in analog

circuits.

Innovative Gate-Overlap Tunnel FET (GOTFET) devices are also proposed for high-speed
operation and minimum static leakage in ultra-low-power digital applications. The GOTFETs
proposed for ultra-low-power circuits have I,;; at least an order of magnitude lower, while I,,
is roughly double that of an equally sized standard MOSFET at the same 45 nm technology
node. The higher I,, makes the circuits more robust with improved performance, while lower

Iof¢ leads to a significant reduction in static (leakage) power dissipation.

For the first time, innovative low and high-threshold GOTFET devices have been reported for
ternary logic applications. These devices are designed so that the low and high threshold voltages
(LVT & HVT) are Vpp/3 and 2Vpp /3, respectively. The most exciting feature of the proposed
GOTFET is that, in the same device structure, just by changing the material and doping
parameters, we can get the optimal performance of LVT & HVT pGOTFETSs. Proposed LVT &
HVT GOTFETSs have on-currents (/,,) roughly twice and off-currents (I,¢¢) at least an order of
magnitude lower than the corresponding MOSFETSs. This work also presents dual-threshold
GOTFETs giving both LVT & HVT characteristics by simply altering their terminal connections

in the same device instead of the dedicated devices.

Finally, Ultra-Low-Power digital and analog circuits based on proposed GOTFET devices
have been benchmarked with the same circuit using industry-standard 45 nm CMOS devices.
We have benchmarked the standard digital gates, double tail comparator, Dynamic Full Adder,
Schmitt Trigger, Ternary Flash ADC circuits, and advanced Adiabatic Logic circuits. Proposed
GOTFETs-based digital circuits outperform similar CMOS designs in both aspects of operating

speed and power consumption.

7.2 Future Work

Chapter 4 shows the performance improvement in CS amplifier and current mirror circuits
with the change in L,,.There is further scope also for significant improvement in designing the

complex analog circuits with L,, parameter in addition to the width parameter.
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In this work, we have used the third derivative method for threshold voltage extraction. A

compact analytical model for threshold voltage extraction can be developed in the future.

A compact SPICE model is also being developed to enable faster and easier simulation of
TFET-based more, complex analog and digital circuits. Noise model and temperature dependence
factors need to be incorporated in the SPICE model to enable RF analog circuit design with

TFETsS.

Ferroelectric materials stacked between the gate and oxide layer forms negative capacitance.

These materials would be significantly improve the I,,, as well as g,, in TFET devices.



Chapter 8

Summary

Energy efficiency limit has become the main obstacle for power-constrained applications using
the conventional silicon complementary metal-oxide-semiconductor (CMOS) technology. In
particular, the supply voltage scaling has slowed down in the past few technology generations
due to the 60 mV /decade fundamental limit for on-off switching in MOSFETSs, which prevents
the reduction of the energy per operation in today’s circuits and systems. To mitigate this
challenge, Tunnel FETs or TFETSs are envisioned as a viable alternative to achieve the steep on-off
switching (SS<60 mV /dec) at low supply voltages and fabrication process, which is compatible
with CMOS technology. Gate-controlled BtB tunneling phenomena enable the switching in
TFETSs at the source channel p-n junction.Tunnel FETSs, which are gated PIN diodes whose on
current I,, arises from band-to-band tunneling, are desirable for ultra-low power applications
due to their low off current I,f; and reduced inverse Sub-threshold Slope SS. Furthermore, a
fundamental disadvantage of TFETSs is that their ON-state current is significantly lower than
that of MOSFETs.

This thesis proposes different types of TFETSs for digital, analog, and ternary logic applications.
The first DGLTFET device has been optimized such that device characteristics are superior
to equally sized 45 nm MOSFETSs for analog applications. TFETs show excellent current
saturation characteristics and negligible channel length modulation effect, which is detrimental
in MOSFETsS, especially at lower technology nodes. As a result, output resistance r, in the
saturation region is a high order of 10° Ohms. In the proposed TFETs, vertical BtB tunneling
has been used compared to point tunneling in conventional TFETSs given a more BtB generation

rate, which improves I,, as well as g,,. DGLTFET has thrice the on currents I,,, at least one
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order lower off currents I,f¢, twice the transconductance gy, at least two orders higher output
resistance r,, and at least two orders higher overall intrinsic gain ¢,,r, than the equivalent
metal oxide- semiconductor field-effect transistor (MOSFET) having the same width at the
same technology node. Device optimization has been carried out by studying the impact of
various device parameters and dimensions on performance. In this work, we have optimized the
DGLTFET device by changing critical parameters like the epi-layer thickness ¢, and its doping
concentration n.p, which seriously influence the line-tunneling behavior. Optimizing the critical
parameters for enhanced line-tunneling leads to improved analog performance parameters like

dm » To, and, finally, superior analog circuits.

We have compared the performance of the proposed devices with the TFETSs reported earlier in
the literature and the standard 45 nm MOSFETs. TFET characteristics were simulated using
synopsys® TCAD tools, while circuit performance was benchmarked with the standard 45 nm
CMOS library using cadence@®) EDA tools. The performance of the DGLTFET was benchmarked
with the equivalent MOSFET in fundamental analog VLSI circuits, namely, Common Source CS
amplifier (resistive and cascade loads), current mirror (single-stage and cascode configurations),
and a two-stage op-amp. The AC gain of cascode CS amplifier based DGLTFET devices is
observed to be 30 dB higher gain compared with MOSFETs. DGLTFET CS amplifier has a
gain-BW product or unity-gain BW fr of 15 GHz, while the MOSFET CS amplifier with the same
bias current is 10 GHz. The DGLTFET current mirror has at least three orders of magnitude
higher output resistance Ry, than the corresponding MOSFET current mirror. Similarly, the
common-mode rejection ratio (CMRR) of the DGLTFET op-amp is 57 dB compared to the
CMRR of 33.5 dB of the equivalent design in the standard 45-nm complementary metal-oxide
semiconductor(CMOS) technology.

Vertically grown TFETs are preferred as they allow the integration of more TFETs on a
single chip, increasing device density. This thesis work presents a Vertical Line-Tunneling
FET (VLTFET) optimized for superior performance in analog applications. The saturation
mechanism, DC, and small-signal behaviors are physically explained with the help of energy
band diagrams, electron density, and tunneling width parameters. VLTFET has higher output
resistance r, owing to the independence of the drain bias on the band-to-band (BtB) generation.
Increasing the source-gate overlap length L, from 0.1 gm to 0.5 pum triples the transconductance
Jm, Maintaining r, constant, resulting in thrice the intrinsic gain A,,. In analog circuits using
conventional MOSFETS, g, increases and r, decreases with increasing width W. On the other

hand, in analog circuits using VLTFETSs, A,, can be enhanced by increasing L,, which increases
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gm without affecting r,. Unity-gain BW fr (or the GBW product) is dominated by the relative
change in the overall gate capacitance Cgg and g, due to change in L,,, since both ¢,, and Cga
are proportional to L,,. However, in analog circuits with realistic capacitive loads, fr rapidly
increases with L,,. VLTFET-based cascode CS amplifiers provide a 10 dB increment in its gain
as Ly, is increased from 30 nm to 100 nm. Similarly, a VLTFET-based cascode current mirror
shows a theoretical output resistance Ry in the order of 10 Q, behaving as an ideal current

mirror /source.

In this thesis, we have proposed GOTFETs for prospective digital applications . Its on-state
currents o, at least twice (Ion,cor> 2Ion,mos) With off-state currents I,¢ remaining at least
an order of magnitude lower (I,¢r.cor <0.11,f¢ m0s), than the corresponding equally-sized
MOSFETSs at the same 45 nm technology node. The proposed GOTFET designs are targeted
for higher I,, leading to high-speed operation and lower I,;; to minimize static leakage in
ultra-low-power digital applications. This work further modified the GOTFETSs for low and
high threshold transistors (LVT & HVT) for ternary logic applications. These devices are
designed in such a way that the low and high threshold voltages (Vi,, & Vi, ) are Vpp/3 and
2Vpp/3 respectively, with the ranges {0 to Vpp/3}, {Vpp/3 to 2Vpp/3} & {2Vpp/3 to Vpp}
representing the three logic states 0, 1 & 2 respectively. Proposed LVT & HVT TFETSs have on
currents (o) roughly twice and off currents (/,57) at least an order of magnitude lower than the
corresponding MOSFETs. Dual threshold GOTFETSs proposed in this work use single devices

by altering their terminal connections.

Along with analog circuits, this thesis shows the performance of GOTFETs-based digital circuits.
Proposed GOTFETSs outperform similar CMOS designs in both aspects of the speed of operation
and power consumption. This work proposes the GOTFET-based basic building blocks of
digital circuits like an improved double tail comparator, ultra-low-power dynamic adder, an
ultra-low voltage Schmitt trigger, and ultra-low-power ternary flash ADC circuits. The proposed
circuit-level modifications in this Complementary GOTFET (CGOT) circuits have not only
resulted in significantly lower static power due to TFET technology but also helped achieve
faster circuit operation (lower delays) than the corresponding CMOS circuits. The overall Power
Delay Product (PDP) in the proposed improved GOTFET-based circuits is only 1-5% of the

PDP of the corresponding conventional CMOS-based circuits.
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