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This book provides an overview of emerging semiconductor devices and their appli-
cations in electronic circuits, which form the foundation of electronic devices. Device
Circuit Co-Design Issues in FETs provides readers with a better understanding of
the ever-growing field of low-power electronic devices and their applications in the
wireless, biosensing, and circuit domains. The book brings researchers and engineers
from various disciplines of the VLSI domain together to tackle the emerging chal-
lenges in the field of engineering and applications of advanced low-power devices in
an effort to improve the performance of these technologies. The chapters examine
the challenges and scope of FinFET device circuits, 3D FETs, and advanced FET
for circuit applications. The book also discusses low-power memory design, neuro-
morphic computing, and issues related to thermal reliability. The authors provide a
good understanding of device physics and circuits, and discuss transistors based on
the new channel/dielectric materials and device architectures to achieve low-power
dissipation and ultra-high switching speeds to fulfill the requirements of the semi-
conductor industry.

This book is intended for students, researchers, and professionals in the field of
semiconductor devices and nanodevices, as well as those working on device-circuit
co-design issues.



Materials, Devices, and Circuits: Design and Reliability

Series Editor: Shubham Tayal, K. K. Paliwal, Amit Kumar Jainy

Tunneling Field Effect Transistors

Design, Modeling and Applications

Edited by T.S. Arun Samuel, Young Suh Song, Shubham Tayal, P. Vimala and Shiromani
Balmukund Rahi

Quantum-Dot Cellular Automata Circuits for Nanocomputing Applications
Edited by Trailokya Sasamal, Hari Mohan Gaur, Ashutosh Kumar Singh, Xiaoqing Wen

Device Circuit Co-Design Issues in FETs

Edited by Shubham Tayal, Billel Smaani, Shiromani Balmukund Rahi, Samir Labiod and
Zeinab Ramezani

For more information about this series, please visit: https:/www.routledge.com/Materials-
Devices-and-Circuits/book-series/ MDCDR#


https://www.routledge.com/Materials-Devices-and-Circuits/book-series/MDCDR#
https://www.routledge.com/Materials-Devices-and-Circuits/book-series/MDCDR#

Device Circuit Co-Design
Issues in FETS

Edited by
Shubham Tayal, Billel Smaani,
Shiromani Balmukund Rahi, Samir Labiod
and Zeinab Ramezani

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




Designed cover image: © Shutterstock

First edition published 2024
by CRC Press
6000 Broken Sound Parkway NW, Suite 300, Boca Raton, FL 33487-2742

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC

© 2024 selection and editorial matter, Shubham Tayal, Billel Smaani, Shiromani Balmukund Rahi, Samir
Labiod and Zeinab Ramezani; individual chapters, the contributors

Reasonable efforts have been made to publish reliable data and information, but the author and publisher can-
not assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication and
apologize to copyright holders if permission to publish in this form has not been obtained. If any copyright
material has not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system, with-
out written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.copyright.com or
contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-8400.
For works that are not available on CCC please contact mpkbookspermissions@tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are used only
for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Names: Tayal, Shubham, editor. | Smaani, Billel, editor. | Rahi, Shiromani
Balmukund, editor. | Labiod, Samir, 1981- editor. | Ramezani, Zeinab, editor.
Title: Device circuit co-design issues in FETs / edited by Shubham Tayal,

Billel Smaani, Shiromani Balmukund Rahi, Samir Labiod and Zeinab Ramezani.
Other titles: Device circuit co-design issues in field-effect transistors
Description: Boca Raton : CRC Press, 2024. | Series: Materials, devices,

and circuits | Includes bibliographical references and index.

Identifiers: LCCN 2023007962 (print) | LCCN 2023007963 (ebook) |

ISBN 9781032414256 (hardback) | ISBN 9781032416823 (paperback) |

ISBN 9781003359234 (ebook)

Subjects: LCSH: Field-effect transistors. | Electronic circuit design. | Semiconductors.
Classification: LCC TK7871.95 .D48 2024 (print) | LCC TK7871.95 (ebook) |
DDC 621.3815/284--dc23/eng/20230503

LC record available at https://lccn.loc.gov/2023007962

LC ebook record available at https://lccn.loc.gov/2023007963

ISBN: 9781032414256 (hbk)
ISBN: 9781032416823 (pbk)
ISBN: 9781003359234 (ebk)
DOI: 10.1201/9781003359234

Typeset in Times
by Deanta Global Publishing Services, Chennai, India


http://www.copyright.com
http://www.mpkbookspermissions@tandf.co.uk
https://lccn.loc.gov/2023007962LC
https://lccn.loc.gov/2023007962LC
https://lccn.loc.gov/2023007963
http://dx.doi.org/10.1201/9781003359234

Contents

PIEfaCE. ... i e s vii
Editor BIographies ......c.ceoeiiiriiiiiieieniic ettt xiii
CONLTIDULOTS ..ottt ettt ettt ettt sae e saeen XV
Chapter 1 Modeling for CMOS circuit deSig@n..........ccevveveereereenieriesieeeseeieeeea 1

Husien Salama, Alain Tshipamba, and Khalifa Ahmed

Chapter 2 Conventional CMOS circuit design.........coccevevvecverreeeinenenineneneennes 21

Samir Labiod, Abdelmalek Mouatsi, Zakaria Hadef, and Billel
Smaani

Chapter 3 Compact modeling of junctionless gate-all-around MOSFET for
circuit simulation: Scope and challenges ..........c.ccecevvevienienieneenene. 57

Billel Smaani, Fares Nafa, Abhishek Kumar Upadhyay,
Samir Labiod, Shiromani Balmukund Rahi,

Mohamed Salah Benlatreche, Hamza Akroum,

Maya Lakhdara, and Ramakant Yadav

Chapter 4 Novel gate-overlap tunnel FETs for superior analog, digital, and
ternary logic circuit appliCations..........c.eevcveeriieriiersieenieeieenieeeeneeeen 79

Simhadri Hariprasad, Ramakant Yadav, and Surya Shankar Dan

Chapter 5 Phase transition materials for low-power electronics...........c..c..c..... 123

Sameer Yadav, Pravin Neminath Kondekar, and Bhaskar Awadhiya

Chapter 6 Impact of total ionizing dose effect on SOI-FinFET with spacer
CNZINCEIING .eovvenveenteiietentt ettt ettt ettt sttt ste et st ete st ebesbeebesaeens 143

Abhishek Ray, Alok Naugarhiya, and Guru Prasad Mishra

Chapter 7 Scope and challenges with nanosheet FET-based circuit design ..... 161

Atefeh Rahimifar and Zeinab Ramezani

Chapter 8 Scope with TFET-based circuit and system design...........ccccecceuenne. 181
P. Suveetha Dhanaselvam, B. Karthikeyan, P. Vanitha, and P. Anand



vi Contents

Chapter 9 An overview of FinFET-based capacitorless IT-DRAM ................. 189
Mitali Rathi and Guru Prasad Mishra

Chapter 10 Literature review of the SRAM circuit design challenges............... 205

Ismahan Mahdi, Yasmine Guerbai, Yassine Meraihi, and
Bouchra Nadji

Chapter 11 Challenges and future scope of gate-all-around (GAA)
transistors: Physical insights of device-circuit interactions ............. 231

Shobhit Srivastava and Abhishek Acharya



Preface

Our daily lifestyle is a witness to the importance of CMOS science and technology.
CMOS changes our daily life. Nearly all modern industries and other cutting-edge
developments including artificial intelligence (AI), autonomous systems, 5G com-
munications, and quantum computing rely on it. The world population’s use of elec-
tronics, communications, computers, and information technology (IT) applications
has increased dramatically in recent years. Users can easily be identified in most
places in our daily activities. Mobile technology is the best example of its applica-
tions. Scaling is the main and most important feature of CMOS devices. This fea-
ture of CMOS devices has continuously helped to develop various types of circuits
and systems for our daily life uses, medical sciences, aerospace, and military-based
development over the past four decades. Only due to the scaling of conventional
MOSFET, various types of circuits and systems have developed for mankind’s better
life. The journey of scaling MOSFET technology is continuous and has reached the
5 nm range.

Scaling of the CMOS channel length below 0.5 u/m and increasing chip density
to the VLSI range has placed power dissipation on an equal footing with perfor-
mance as a figure of merit in digital circuit design. Portability and reliability have
also played a major role in the emergence of low-power, low-voltage, digital cir-
cuits, and system designs. In this regard, the need to extend the battery life, have
inexpensive packaging and cooling systems, and reduce the weight and size of the
equipment have been the driving forces. The demand for low-power and high-speed
FET devices has grown exponentially to meet the requirements of these applications.
FETs are the leading electronics technology and will continue to advance in future
CMOS. MOSFET has played a leading role in the development of VLSI circuits
and systems. This device was a basic building block of CMOS technology and, as a
consequence, the predominant device of integrated circuits and system development.
The demand for small, portable, and affordable electronic equipment is growing by
the day. In order to satisfy consumer demand, researchers are constantly search-
ing for new semiconductor devices. This book, Device Circuit Co-Design Issues in
FETs, provides industry professionals and beginners with an overview of emerging
semiconductor devices and their applications in VLSI circuits and systems. The goal
of this book is to provide readers with a better understanding of the ever-growing
field of low-power electronic devices and their applications.

Through detailed derivations, discussions, layout, and simulation examples,
Chapter 1 provides a concise summary of the thought process and practical imple-
mentation of CMOS IC design for the reader. The foundation of all digital designs
is the inverter. Designing increasingly complex structures like NAND gates, adders,
multipliers, and microprocessors becomes significantly easier once their operations and
attributes are thoroughly understood. By extrapolating the conclusions found for
inverters, it is possible to extract the electrical behaviors of these intricate circuits almost
entirely. Inverter analysis is frequently expanded to explain the operations of more
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complicated gates, such as NAND, NOR, or XOR, which serve as the basis for com-
ponents like multipliers and processors. The static CMOS inverter, also known as
the CMOS inverter, is the only iteration of the inverter gate on which this chapter
focuses. The inverter, NAND, and NOR gates are implemented and simulated using
the LT-spice computer-aided design (CAD) tool. Similar to other CAD tools, this
method can be used to simulate more complex circuits by combining or altering
these fundamental elements.

The design and simulation of CMOS integrated circuits are covered in Chapter 2.
Beginning with a brief overview of CMOS process integration, this section focuses
on interconnects, providing information on propagation delay and simulating certain
parasitic effects. In the chapter, some fundamental understanding concepts for the
analog design, layout techniques, and simulation of current mirror are presented.
Moreover, DC characteristics and dynamic behavior have been analyzed. In addi-
tion to this, the layout of the basic CMOS static logic gates (inverter, NAND, and
NOR) and arithmetic functions such as the full adder are presented. SPICE simula-
tions have been performed on both 50 nm (short-channel) and 1 pm (long-channel)
technologies.

The existing limitations of conventional CMOS technology are presented in
Chapter 3. Conventional CMOS technology has reached its physical and techno-
logical limits, according to semiconductor experts, and as a result, numerous field-
effect transistor (FET) architectures have been developed. The junctionless (JL)
gate-all-around (GAA) MOSFET has attracted a great deal of research interest. In
addition, compact models of FETs need to be incorporated into circuit simulators
using a hardware description language (HDL), such as VHDL and Verilog-A. This
is for the potential use of emerging transistors in various integrated circuits. The
compact modeling of JL GAA MOSFET as an important issue is addressed here.
The chapter begins with a discussion of the characteristics of compact models for
the development of new electronic systems and applications. The value of hardware
description language for the design and simulation of circuits is then demonstrated.
In addition to the theoretical basis and main approach for developing compact mod-
els of JL GAA MOSFET, the charge-based, surface-potential-based, and threshold-
voltage-based models are also presented. The most significant compact models are
surface-potential-based and charge-based, specially dedicated to circuit simulation
and design. Furthermore, the challenges of compact modeling of JL GAA MOSFET
are also discussed.

Chapter 4 presents different variations of the novel gate-overlap tunnel field-effect
transistors (GOTFETs) and their applications in analog, digital, and ternary logic
circuits. For benchmarking their device and circuit performance with the industry-
standard 45 nm CMOS technology, the presented GOTFETs have an effective chan-
nel length of 45 nm, commensurate with the technology node. These devices have
a higher band-to-band generation rate than the conventional TFET devices, due to
the gate fully overlapping on the source side, resulting in excellent improvement in
the /,, levels while maintaining very low I . Introduction of an epi-layer between the
source and oxide layers, the proposed variant of GOTFET, the line TFET (LTFET),
exhibits almost flat drain current saturation characteristics, leading to very high R,

out
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for superior analog circuit applications. Optimization of the LTFET device has been
done by changing critical parameters such as epi-thickness, gate-to-source over-
lap, and doping concentration, and has shown its influence on analog performance.
Therefore, the proposed LTFET has a two-order improvement in r, leading to a two-
order improvement in the intrinsic gain A,, over the MOSFET. Due to lower con-
nection, smaller chip footprint, and faster-operating speeds, the GOTFET structure
has been further modified for ternary logic circuit applications. The intended LVT
and HVT GOTFET shave been designed such that low threshold voltage V= V,,/3
and high threshold voltage V;,~2V,,/3 for the unique voltage levels {0-V,/3},
{Vpp/3-2V I3}, {2V,p/3=Vp} correspond to ternary logic states O, 1, and 2. The
proposed LVT and HVT TFET devices will be the starting point for all applications
involving ternary logic. This chapter is, in essence, a comprehensive review of the
GOTFET devices and their circuits performance, such that the readers of this book
chapter will learn about specialized TFETs (GOTFETs), which perform much bet-
ter than conventional CMOS when switched on while consuming less power than
conventional TFETs when switched off. Consequently, complementary GOTFET (or
CGOT) technology combines the robustness and high performance of CMOS with
the low-power benefits of TFET in a single-device technology.

Chapter 5 is devoted to the few years when the development of ultra-low-power
oxide electronics devices has been facilitated by abrupt, ultrafast, nanoscale switch-
ing caused by an insulator-to-metal transition in phase transition materials. These
transitions, particularly those caused by electrical triggering, aid in the achievement
of dimensional scaling at the lower technology node. The unique electrical prop-
erties of these materials can be used to create innovative devices and circuits for
next-generation electronics. This chapter examines the history of the phase transition
materials family, including its origin, history, modeling, and application in cutting-
edge devices. There is a focus on various applications of phase transition materials
in low-power electronics, such as steep switching devices, digital circuits, memory,
and non-Boolean computing.

Chapter 6 describes the extensive use of semiconductor devices in the electronic
systems of satellites. In the outer atmosphere, natural radiation is the major threat
to semiconductor devices. The radiation raises there liability issues of these types
of devices when the irradiation accumulation of trap charges is found in the oxides
and semiconductor/insulator interfaces. These trap charges are well capable of shift-
ing the threshold voltage towards negative and increasing the leakage current. The
radiation effects are classified into two categories: total ionizing dose (TID) effects
and single event effects (SEEs). The impact of TID on SOI-FinFET with the spacer
technique is investigated. At a higher radiation dose of 2000 krad, the high-k dielec-
tric (HfO,) spacer maintains lower leakage current and positive threshold voltage.
The proposed engineering technique enhances the OFF-state device performance
after and before the irradiation of the device. For the pre-radiation condition, a
48% improvement in OFF-state current (Igr) is observed for the SiO, spacer-based
device and an 83% improvement is obtained for the HfO, spacer. The HfO, spacer-
based device shows 4.2%, 2.6%, 2.5%, and 2.4% lower subthreshold swing (SS) after
the 2000 krad dose as compared to SiO,, Si;N,, Al,O;, and AIN, respectively. An
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improvement of 23% in Iopr and a 42% lower shift in threshold voltage is observed
for the HfO, spacer SOI-FinFET as compared to SiO, spacer-based SOI-FinFET.
This investigation shows that SOI-FinFET with HfO, spacer-based device is best
suited for electronic systems in space applications.

Chapter 7 is dedicated to the rapid development of technology that has increased
the density, speed, and performance of transistors embedded in modern chips.
According to the presented literature, FinFET technology down to 7 nm has shown
more acceptable performance than others. However, further scaling down to 5 and 3
nm scales imposes undeniable challenges to this technology. Thus, the community
of semiconductor designers, in order to introduce a suitable alternative to FinFET,
proposed the technology of nanosheet FET (NSFET) to overcome these challenges.
Fundamentally NSFET is an advanced version of FinFET. The prominent feature of
the NSFET is having a horizontal gate stacked around the channel in all directions.
This feature gives the gate more control over the channel. Therefore, it significantly
improves the performance and ON current of the NSFET compared to other FETs.
This has made the NSFET more popular than other devices, especially for scaling
down to 3 nm. On the other hand, the successful fabrication of NSFET by Samsung/
IBM for sub-7-nm technology has pushed the semiconductor industry towards these
devices. In this regard, to deal with the performance of NSFET in integrated circuits,
it is of particular importance to investigate the electrical characteristics of these
devices from the perspective of the circuit. In this chapter of the book, NSFET is
introduced, and two key challenges of nanodevices, the self-heating and short chan-
nel effects, are investigated. Subsequently, in more detail, the behavior and chal-
lenges of this device have been analyzed from the circuit point of view.

In Chapter 8, the authors provided a brief introduction to tunneling FET.
Tunneling FET surpasses the subthreshold swing limitation and off-state current
issues of conventional CMOS devices. The structure of TFET, its characteristics,
and its scope with specific applications are discussed in this chapter. This will be
useful for researchers who have just started their research on TFET. Only certain
applications are explored in this chapter. Still, there are many more applications in
the research to explore.

In Chapter 9, the demand for memory is increasing day by day, and the downscal-
ing of conventional 1T-1C DRAM in sub-10 nm technology is becoming a topic of
concern. The fabrication and scalability of 3-D cell storage capacitors are extremely
difficult. To overcome this issue, the concept of capacitorless IT-DRAM is intro-
duced. The silicon-on-insulator (SOI) transistor will store the charges in the floating
body of the metal oxide semiconductor field-effect transistor (MOSFET) by impact
ionization. Further scaling of MOSFET devices is approaching its boundary, and it
is giving rise to short-channel effects. Hence multi-gate transistors (such as FinFET,
GAA FET, and RFET), in which more than one gate surrounds the channel are
introduced. In this chapter, FinFET-based capacitorless 1T-DRAM is introduced,
due to its simplicity in fabrication. In FinFET, the gate controls the channel from
three sides; hence the electrostatic control over the channel increases and the leakage
current also reduces.
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In Chapter 10, the majority of current embedded systems use microproces-
sors equipped with volatile cache memory based on static random access memory
(SRAM) technology. As part of a core computing component, its performance is
critical and needs to have more attention. Actual systems-on-chips (SoCs) need to
be more performant because less than 20% of the globally integrated transistors
are used for arithmetic and logic operations, and the rest of the transistors, about
80%, are mostly used for the cache memory. Additionally, modern implantable elec-
tronic components and devices, for specific and general use, are based on artificial
intelligence (AI) and require efficient and reliable SRAM circuits designed for hav-
ing enhanced and fast responses to compute-in-memory (CIM). In order to reach
desired performances, reliability should be maintained, especially with regard to the
most recent technological areas. In this chapter, the authors have cited, for example,
embedded systems using low power supplies, which may pose a risk to the stability
of the SRAM circuits and also their unavailability. In sophisticated devices, the pro-
cess variations change the transistor design parameters and consequently the design
integrity. Additionally, sensitive information treatment, environmental conditions
(such as temperature variation, shocks, and vibration), and static charge emission
from adjacent integrated circuits can affect SRAM reliability. Fin field-effect tran-
sistor (FinFET) technology has been used to design SRAMs to enhance the overall
performance, which takes into account efficiency, power, and area. In this work, we
have reviewed various colossal challenges to SRAM design after classifying them
into five distinct categories and each one will be presented with viable solutions.

In Chapter 11, FinFET technology is discussed, which is the slogger of today’s
semiconductor world. However, the demand for further scaling with a desire for
ultra-low power and high-speed applications leads to undesired short-channel
effects, where new transistors are required for the next generation. Thanks to science
and technological innovation, different transistors from the GAA (gate-all-around)
FET family and their competitive benefits have been brought together. This chapter
tries to answer why and how 3D devices emerge for future computing paradigms. In
addition to the limitation of FinFET, it further discusses the scope and challenges of
different members of the GAAFET family, such as nanowire FET, nanosheet FET,
junctionless nanosheet FET, complementary FET, and forksheet FET.
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1.1 CMOS DEVICES

1.1.1 INTRODUCTION

A CMOS transistor consists of a P-channel MOS (PMOS) and an N-channel MOS
(NMOS) [1]. The operation of a CMOS device is like other types of field effect tran-
sistors (FET) except it depends on an added oxide layer between the gate and the
substrate. CMOS are active devices, meaning they require external power sources
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FIGURE 1.1 CMOS (complementary metal oxide semiconductor). [1]

to operate. For this reason, shown in Figure 1.1, CMOS devices are designed with
a power supply, input voltage terminal (V,y), output voltage (V). gate, drain,
and PMOS and NMOS transistors which are connected to the gate and the drain
terminals [2].

The main advantage of CMOS over NMOS and PMOS technology is a much
smaller power dissipation, which has become a crucial element for scalability in
IC design. Unlike NMOS, PMOS, or bipolar circuits, a CMOS circuit has almost
no static power dissipation. Power is only barely dissipated if the circuit switches
between high and low power levels or states. This superior performance of CMOS
technology enables the integration of more CMOS gates on an IC than with NMOS
or bipolar technology.

1.1.2  SwITCH OF CMOS

In basic CMOS concepts, we see the use of transistors for designing logic gates. The
same approach can be used to design other blocks (such as flip-flops or memories).
Ideally, a transistor behaves like a switch [3] for logic implementation. For NMOS
transistors, if the input is a logic high, the switch is ON; otherwise, it is OFF. On the
other hand, for the PMOS, if the input is a logic low the transistor is ON; otherwise,
the transistor is OFF [4].

A graphic representation is shown in Figure 1.2.

_, Drain

Gate—-‘ S%JG/O—D S—OJG—O—D
-

G="low" => open switch G="high" => closed switch

Source

FIGURE 1.2 MOS as a switch
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For the NMOS in Figure 1.1, the gate (G) can be thought of as the switch’s handle
and the signal flowing through the gate as the force acting on it. Considering an
initially inactivated switch, if one does not apply enough force on the switch (i.e., a
logic low is applied), then the switch remains open (Figure 1.2 on G = low). However,
if sufficient force is applied (i.e., a logic high is acting on the switch), the switch
closes (Figure 1.2 on G = “high”), and electric contact is established between the
drain (D) and the source (S). The PMOS operates similarly with the main difference
being that its activation is a logic low.

1.1.3 THE IMPLEMENTATION AND OPERATION OF THE CMOS INVERTER

We have seen that a CMOS device is a combination of NMOS and PMOS technol-
ogy. To understand the basics of operation, we will design a simple inverter gate.
Figure 1.3 shows the CMOS implementation of the inverter and how it works for
different inputs (1 and 0) [5]. The symbol VDD is the source voltage (or logic 1), and
GND is the ground (or logical 0).

The CMOS inverter operation is simple and straightforward. Referring to Figure
1.3, when the low input voltage (0) is given to the CMOS inverter’s gate, the PMOS
transistor is switched ON, whereas the NMOS transistor is switched OFF. Since the
PMOS is connected to VDD, this facilitates the provision of a low resistance path for
electrons from VDD to the output through the PMOS, hence the generation of a logic
high output for a low input [6].

Similarly, when the high input voltage (1) is given to the CMOS inverter’s gate,
the PMOS transistor is OFF, whereas the NMOS transistor is now switched ON.
Since the NMOS is connected to the ground, this renders the ground a low resis-
tance path for electrons and, consequently, from the output to the ground, hence the
generation of a logic low output for a high input voltage [7]. As a result, Figure 1.3
works like an inverter.

1000) 1(VD0) 1(v0D)
)

G

O 4

lopet__| S| owps Input=0 Output =1 Input= 1 | Output = 0

o
s
0(GND) 0 (GND) 0 (GND)

FIGURE 1.3 CMOS inverter and switch equivalent [2]
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1.2 THE CMOS IC DESIGN PROCESS

The CMOS circuit design process consists of defining circuit inputs and outputs,
hand calculations, circuit layout, simulations including parasitic revaluation of cir-
cuit inputs and outputs, fabrication, and testing [8]. The circuit specifications are
usually set at the beginning of the design and adjusted as the process evolves and
matures. This will be the result of trade-offs made between cost and performance,
changes within the marketability of the chip, or just changes in the customer’s needs.
However, in most cases, major changes after the chips have gone into production are
impossible [9].

1.2.1 BACKGROUND

The CMOS concept is relatively newer to other semiconductor technologies and was
first introduced to the semiconductor community around 1963. The thought that
a circuit could be made with discrete complementary MOS devices — an NMOS
(N-channel MOSFET) transistor and a PMOS (P-channel) transistor — was quite
novel at the time given the immaturity of MOS technology and the rising popularity
of the bipolar junction transistor (BJT) as a replacement for the vacuum tube [10].

The inverter circuit shown in Figure 1.4 consists of PMOS and NMOS FET. The
input is the gate voltage for both transistors.

1.2.2 CMOS INVERTER CHARACTERISTICS

CMOS inverters are the most widely used and adaptable MOSFET inverters used in
chip design. They operate with little to no power loss and at relatively high speeds.
Furthermore, the CMOS inverter has good logic buffer characteristics: its capaci-
tance in both low and high states is large. A CMOS inverter consists of a set of
PMOS and an NMOS transistor connection [11]. In this setting, the supply voltage
VDD is placed at the PMOS drain terminal, and the NMOS source terminal is con-
nected to the ground. V is connected to the gate terminals of both transistors, and
Vour is set between the drain of the NMOS and the source of the PMOS (Figure 1.4).
It is important to note that the CMOS inverter does not contain any resistors, which
makes it more power efficient than a regular resistor of a MOSFET inverter. Because
the voltage at the input of the CMOS device varies between 0 and VDD, the state of
the NMOS and PMOS varies accordingly. Figure 1.5 and Figure 1.6 show the char-
acteristics and modes of CMOS [12].

To constitute an operating point, the currents via the NMOS and PMOS bias
must be equal. This indicates graphically that the DC points must be situated at the
intersection of the relevant load-lines. A few of those points (for VIN =0, 0.5, 1, 1.5,
2, and 2.5 V) are indicated on the graph. It is evident that every operating point lies
either at the upper or lower end of the line.

The voltage transfer characteristic (VTC) of the inverter hence exhibits a narrow
transition zone. This zone results from the high gain during the switching flash when
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FIGURE 1.4 CMOS inverter [2]
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FIGURE 1.5 Transforming PMOS I-V characteristic to a common coordinate set (assuming
VDD =2.5V)
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NMOs

V=2

FIGURE 1.6 Load curves for the static CMOS inverter’'s NMOS and PMOS transistors
(VDD = 2.5 V). The dots represent various input voltages’ dc operation points [12].

both NMOS and PMOS are temporarily ON. In that operation region, a small change
in the input voltage results in a large variation [13].

The VTC shown in Figure 1.7 looks like an inverted step function that specifies accu-
rate switching between ON and OFF. However, in real bias, a gradual transition region
exists. The voltage transfer characteristic specifies that for lower input voltage V,y, the
circuit generates high voltage V1, whereas, for high input, it generates 0 volts.

Vour A NMOS off
PMOS res

25

2

L5

1

/

0.5 /

NMOS sat /
PMOSres | -

/

NMOS sat
 PMOS sat

NMOS res
PMOS sat

NMOS res
PMOS off

FIGURE 1.7 Characteristics of an inverter [12]
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FIGURE 1.8 CMOS inverter VTC

The transition region pitch is a measure of quality steep pitches that exact switch-
ing. The noise can be calculated by assessing the difference between the input to the
output for every region of the ON-OFF mode of operation [12].

Figure 1.8 shows the mode equations for PMOS and NMOS.

Below are the mode equations for PMOS and NMOS. Figures 1.9a and 1.9b show
the operation modes of CMOS.

e Setting PMOS linear IDS equal to NMOS saturation IDS

‘/in - Vn ’ Vou - V ’
k, [(Z)J =k, [(Vm ~ Voo = Vi) (Vo = Vi ) — (2”’”) M
(‘/aur - VDD )2 kn (‘/m - ‘/x‘n )2
—~ VY~ VDpD " Vp out — VDD -~ =
> (Vi = Voo =V ) (Vour = Vi ) + 5 0 )
(Vour =Vion ) = (Vi = Vop = Vi ) + J(V,-,, Vo=V, ) —]’z—"(vm v.) 0
P
Vout
Voo Vio
nMOS saturation s

\¥

Vin —

"N

(a) Vaut- Vip]  Vour+ Vin

FIGURE 1.9A CMOS saturation mode
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FIGURE 1.9B NMOS linear and PMOS saturation modes
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Figure 1.10 shows the linear and cutoff modes of CMOS.
All modes are summarized in Table 1.1.
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FIGURE 1.10 NMOS linear and PMOS cutoff modes
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1.3 THE LOGIC CIRCUIT OF CMOS

Combinational logic gates with one or more inputs and one output make up static
CMOS circuits. Here are some significant CMOS logic gates [14].

1.3.1  THE INVERTER

1.3.1.1 Overview

The inverter is the most basic logic gate. Understanding how an inverter works and
its characteristics will make it much simpler to examine other logic gates, adders,
and other components of digital design and memory devices [15]. Figure 1.11 shows
the operation of a CMOS inverter in low (0) and high (1) inputs.

The NOT gate is another name for the CMOS inverter. The circuit shown above
demonstrates that an N-channel MOSFET (NMOS) and a P-channel MOSFET make
up a CMOS inverter (PMOS). The NMOS transistor is OFF and the PMOS transistor
is ON when the input A is LOW, or logic 0. The VDD has a path to the output thanks
to the P-channel MOSFET. The output is HIGH as a result.

Logic 1 as is NMOS is ON and PMOS is OFF when the input is HIGH. The out-
put signal is LOW and connected to GND.

The operation of the inverter is summarized in Table 1.2.

1.3.1.2 Simulation

We can use computer-aided design (CAD) software to simulate the operation of the
CMOS inverter described above. Figure 1.12 shows the circuit implementation of a
CMOS inverter in LTspice for simulation.

Voo Voo
ON L OFF
A=0 Y=1 A=1 Y=0
OFF ON r

FIGURE 1.11 CMOS inverter

TABLE 1.2

CMOS inverter truth table
Input Output
0 1

1 0
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FIGURE 1.12 CMOS inverter schematic

Now that we have demonstrated how a CMOS device operates and how to design
basic logic CMOS gates, we will see how one can use CAD tools to simulate our
design and confirm its feasibility. There are many tools that designers use, from
freeware like LTspice to licensed tools such as Cadence [16].

In this chapter, we use LTspice for both its user-friendly interface and availability
(free of charge).

To design a device, there is a set of parameters that should be provided in a
“txt” file to define the device. Without a template, designing can be challenging
for both experienced and junior users. Alternatively, one can use predefined NMOS
and PMOS devices provided in LTspice and modify parameters to meet the needs,
requirements, and specifications of one’s device.

The inverter in Figure 1.12 uses two voltage sources: the biasing power (V1) and
the signal to be inverted (V2). This signal is presented to the input as a pulsed voltage
source with high and low levels representing 1s and Os, respectively.

Figure 1.13 shows the input voltage V(a) and its corresponding inverted output
V(y). This confirms the proper operation of the circuit as the inverter of CMOS with
results matching the truth table (see Table 1.2 for context).
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FIGURE 1.13 Simulation results of CMOS inverter

1.3.2 CMOS NAND GATE

1.3.2.1 Overview

Two N-channel MOSFETs are connected in series between Y (the output) and GND,
and two P-channel MOSFETs are connected in parallel between VDD and Y in a
two-input NAND gate. A NAND gate’s schematic is shown in Figure 1.14 in LTspice
for simulation.

At least one of the NMOS transistors will be OFF if either input A or B is low
(logic 0). Since the NMOS transistors are wired in series and lead to the GND,
this disrupts the path from Y to GND. To complete a path from Y to VDD in this
instance, however, at least one of the PMOS transistors will be VDD. This makes the
output Y high (logic 1) [17].

If A and B are high (logic 1), both NMOS transistors are ON. This completes
the path from Y to GND. This makes Y low (logic 0). The output Y will be high
for all other combinations of inputs A and B. The truth table of the NAND logic
gate is given below [18]. The truth table below shows the inputs/output of the
NAND gate.
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FIGURE 1.14 CMOS NAND circuit

1.3.2.2 Simulation

The circuit of Figure 1.14 is an LTspice implementation of the NAND logic gate.
Upon providing pulsed inputs V(a) and V(b), as may be seen, the result of V(y)
matches the NAND function behavior demonstrated in Table 1.3 and depicted in the
simulation results of Figure 1.15.

1.3.3 CMOS NOR GATE

1.3.3.1 Overview

The NMOS transistors and PMOS transistors are coupled in series and parallel,
respectively, in a two-input NOR gate. At least one NMOS transistor pulls the
output low when at least one of the inputs is high. Only when both inputs are low
does the output become high. Figure 1.16 represents the schematic of a NOR gate
in LTspice for simulation. The truth table of the NOR logic gate is presented in
Table 1.4 (Figure 1.17).

TABLE 1.3

NAND truth table

Input A Input B Output
0 0

0
1
1

S = = =

1
0
1
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TABLE 1.4
NOR truth table

Input A

0

0
1
1

0

1
0
1

Input B Output

(=R = -

Via)

5.0v
4.0V
3.0V
2.0V
1.0V
0.0v-

V(b)
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1.0V
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5.0v

Vi)
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1.0V
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|
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T T T
16ms 24ms 32ms

FIGURE 1.177 CMOS NOR simulation

1.3.3.2 Simulation

The simulated results for the NOR circuit design are shown in Figure 1.16 with their
corresponding response to given inputs matching the NOR truth table of Table 1.4.

I 1 1 I ]
40ms 48ms 56ms 64ms 72ms 80ms

1.4 CMOS TECHNOLOGY AND APPLICATIONS

Due to its adaptability and efficiency in the use of electricity, CMOS is the technol-
ogy of choice for the manufacture of integrated circuits (ICs). The low power design
is the most dependable of the current technologies and offers the benefit of little heat
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dissipation [19]. Depending on the circuit layout, P- and N-type transistors can be set
up to create logic gates.

CMOS technology is one of the most popular technologies in the computer chip
design industry. This technology makes use of both the P-channel and N-channel
semiconductor biases. CMOS is one of the most popular MOSFET technologies
available [20]. This is the dominant semiconductor technology for all semiconductor
devices including memory devices, volatile and non-volatile, and logic gate circuits.

The N-channel MOSFET and the P-channel MOSFET are both made with match-
ing properties thanks to their design (ON and OFF). The primary benefit of CMOS
technology over bipolar or the formerly common NMOS technologies is its excep-
tionally low power consumption in static settings because it only consumes power
during switching operations [21].

When compared to bipolar or NMOS technology, this enables the integration of a
significantly greater number of sensing gates on the VLSI IC. It is simpler to create
various logic functions when NMOS and PMOS bias are combined in CMOS logic
gates. The size of the transistor can be varied and further shrunk thanks to develop-
ments in CMOS IC production methods [22].

By scaling down the transistor, it is possible to incorporate more logical oper-
ations into the same IC without sacrificing performance. CMOS IC technology
was initially employed to create digital logic ICs. CMOS technology is now used
in analog ICs and mixed-signal designs because of its low cost and greater func-
tionality [23]. CMOS logic has two different modes: low power dispersion and
high noise perimeters. In both modes, it operates over a wide range of source and
input voltages.

1.5 LAYOUT OF CMOS

The CMOS design layouts are based on the following components:

(a) Substrates.

(b) Wells: for NMOS and PMOS devices, respectively, wells are P-type and
N-type.

(c) Diffusion areas: in these regions, the transistors are produced and are
referred to as an active layer. For NMOS and PMOS transistors, respec-
tively, these are denoted by n+ and p+.

Figure 1.18 shows a layout for a CMOS with P-substrate and N-well.

The circuit architecture (mask layout) and initial transistor scaling are the first
steps in the iterative process of designing the physical (mask layout) of CMOS logic
gates (to realize the desired performance specifications). Based on the fan-out,
the number of devices, and the anticipated length of the interconnection lines, the
designer can only make an estimate of the overall parasitic load at the output node
at this time [24].

If the logic gate contains more than four transistors, the ideal ordering of the
transistors in logic gates with more than four transistors. Now, it is possible to design
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FIGURE 1.18 CMOS Inverter layout

a straightforward stick diagram layout that displays the contacts’ locations, as well
as the transistors’ local interconnections [25]. Figure 1.19 depicts a mask layout for
a CMOS inverter architecture.

The layout’s topology is created by drawing the mask layers in accordance with
the layout design guidelines (using a layout editor tool). To account for all design
principles, this technique may need to go through multiple tiny iterations, but the
fundamental topology shouldn’t be significantly altered. The finished layout is sub-
jected to a circuit extraction technique after the final design rule check (DRC) to

™

VIN

. VSS

FIGURE 1.19 Mask layout of CMOS inverter
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ascertain the true transistor sizes and, more crucially, the parasitic capacitances at
each node. The extraction step’s outcome is often in-depth [26].

1.6 CONCLUSION

The CMOS circuit configuration process comprises characterizing circuit infor-
mation sources and results, hand computations, circuit recreations, circuit for-
mat, reconsideration of circuit sources of info and results, creation, and testing.
The analysis of inverters is often extended to elucidate the behaviors of more
complex gates such as NAND, NOR, or XOR, which successively form the build-
ing blocks for modules like multipliers and processors. In this chapter, we spe-
cialize in one single incarnation of the inverter gate, the static CMOS inverter,
or the CMOS inverter short. We implement and simulate the inverter, NAND,
and NOR gates using the LTspice CAD tool. The process is like other CAD tools
and can be used to simulate more complex circuits by combining or modifying
these basic elements. A green revolution in the CMOS domain using low-cost
MOSFET is not far from being realized [27, 28].
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2.1 INTRODUCTION

Digital CMOS (complementary metal-oxide semiconductor) integrated circuits (ICs)
have been the driving force behind very large-scale integration (VLSI) for high-
performance computing and engineering applications [1-3]. Low power, reliable
performance, and circuit techniques for high speed, such as using dynamic circuits
and ongoing improvements in processing technology, are prominent features and the
reason behind the constant demand for digital CMOS ICs. With this kind of technol-
ogy, it can be seen that the level of integration which once existed in several millions
of transistors for logic chips and reached an even higher level in the case of memory
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ones, is now available in only one chip. It presents an immense challenge for chip
developers in processing, methodology, design, testing, and project management.

Advances in device manufacturing technology allow the steady reduction of minimum
feature size. Figure 2.1a shows the progress of the minimum feature size of transistors
in integrated circuits since the late 1970s. In 1980, at the beginning of the VLSI era, the
typical minimum feature size was 2 um, and a feature size of 14 nm was expected around
the year 2017. The actual development of the technology, however, has far exceeded these
expectations. A minimum feature size of 0.25 umn had been reached by 1995.

When the integration density of circuits is inspected, there is clearly a distinction
between the memory and the logic chips. Figure 2.1b shows the level of integration
through time for memory and logic circuits, beginning in 1970. The increase of
transistors number has continued at an exponential rate over the last three decades,
effectively confirming Gordon Moore’s prediction on the growth rate of chip com-
plexity, which was made in the early 1960s (Moore’s Law) [4]. In this chapter, we
present a brief overview of CMOS process integration. Process integration refers to
the well-defined collection of semiconductor processes required to fabricate CMOS
integrated circuits [5, 6]. We provide more information and examples related to the
layout of the different interconnections, and MOSFETs. Design rules and the main
fundamental layout techniques have been covered [7].

To illustrate the effect of miniaturization, different simulations were performed
for long and short-channel MOSFETs models. The parasitic effect plays a very
important role in the field of CMOS circuit design [8], and for this, it is essential to
do some simulations to illustrate these effects.

A current mirror is a basic building block for analog circuit design [9]. Fundamental
understanding and layout techniques for analog circuit design have been presented
and simulated.

Finally, the main concepts for digital circuit design have been presented, such
as the basic CMOS static logic gates inverter, NAND, and NOR) and arithmetic
function (full adder). SPICE simulations have been performed for DC and dynamic
characteristics.
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2.2 CMOS FABRICATION TECHNOLOGY

The CMOS (complementary metal-oxide silicon) fabrication technology is recog-
nized as the leader of VLSI systems technology.

2.2.1  WELL FORMATION

Figure 2.2 shows cross-sections of the wafer after each processing step involved in
forming the n-well [10, 11]. Figure 2.3a illustrates the bare substrate before process-
ing. Changing the substrate from p-type to n-type in the region of the well by adding
enough dopants into it is what is required to form the n-well. The growth of a protec-
tive layer of oxide over the entire wafer, and relocating it to where we want the wells,
is necessary for us to define what regions receive n-wells.

In a high-temperature (typically 900-1200 °C) furnace, the wafer is first oxi-
dized, due to Si and O, reacting and becoming SiO, on the wafer surface (Figure
2.2b). The pattern of oxide is obligated to define the n-well. An organic photore-
sist that softens when exposed to light is spun onto the wafer (Figure 2.2c). The
photoresist is exposed through the n-well mask (Figure 2.3b), which allows light to
pass through only where the well should be. The softened photoresist is removed to
expose the oxide (Figure 2.2d).

The oxide part that is not protected by the photoresist is etched with hydrofluoric
acid (HF) (Figure 2.2e), then the acids mixture called piranha etch is for cleaning
out the remaining photoresist (Figure 2.2f). The well is formed where the substrate is
not covered with oxide. Two ways to add dopants are diffusion and ion implantation.
In the diffusion process, the wafer is placed in a furnace with a gas containing the
dopants. When heated, dopant atoms diffuse into the substrate. Notice how the well
is wider than the hole in the oxide on account of lateral diffusion (Figure 2.2g). With
ion implantation, dopant ions are accelerated through an electric field and blasted
into the substrate. In either method, the atoms are prevented from entering the sub-
strate where no well is intended. Finally, stripping the remaining oxide with HF
leaves the bare wafer with wells in the appropriate places.

2.2.2  MOSFET FABRICATION PROCESS

A general CMOS process flow is demonstrated in Figure 2.3. Fabrication of NMOS
and PMOS devices is detailed in [13, 14]. The first step, Figure 2.3a, is to grow a thin
pad oxide on the surface of the entire wafer. Depositing nitride and photoresist layers
follow this. The photoresist is then patterned using the active mask. The remaining
photoresist, seen in Figure 2.3a, ultimately defines the openings in the field oxide
(FOX) [15].

In Figure 2.3b, the areas not covered by the photoresist are etched. The etching
extends down into the wafer so that shallow trenches are formed. In Figure 2.3c,
the shallow trenches are filled with Si0,. These trenches isolate the active areas and
form the field regions (FOX). This type of device isolation is called shallow trench
isolation (STI).
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In Figure 2.3d, adjusting the threshold voltages of the devices is performed with
two separate implants. A photoresist is patterned (twice) to select the areas for
threshold voltage adjustment.

Figure 2.3e shows the results after the deposition and patterning of polysilicon.
This is followed by various implants. In Figure 2.3f, we see a shallow implant form-
ing the MOSFET’s lightly doped drains (LDD). The LDD implants prevent the elec-
tric field directly next to the source/drain regions from becoming too high. Note that
the poly gate is used as a mask during this step.

The next step is to grow a spacer oxide on the sides of the gate poly (Figure 2.3g).
After the spacer is grown, the n+/p+ implants are performed. This implant dopes the
areas used for the source and drain of the MOSFETs as well as the gate poly. The
last step is to silicide the source and drain regions of the MOSFET. Finally, note that
the process sequence seen in Figure 2.3 is often referred to, in the manufacturing
process, as the front-end-of-line (FEOL). The fabrication of the metal layers and
associated contacts/vias is referred to as the back-end-of-line (BEOL).

2.2.3 INTERCONNECTIONS

Typical metalization is used with aluminum, while contact holes are filled by a plug
of tungsten. Low resistivity and low dielectric isolation layers have been used to
minimize the RC time constants of the interconnection lines. Metalization level and
a via are established at the same time in the dual damascene technique. Figure 2.4
shows an example layout and cross-section view. The vial layer connects metal and
metal2. In the location indicated, the via layer specifies that the insulator will be
removed. Once metal? is set, the two metals are connected by the plug [17]. Notice

Metal1
Metal2
Metal2 Insulator
Metal1 I Via Insulator
Insulator
FOX

p-substrate

FIGURE 2.4 Cross-section and layout views of metall/metal2 interconnection [14]
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that in the case of using more than two layers of metal, via2 would connect metal2
to meta3, and via3 would connect metal3 to metal4.

The contact layer connects metall to either active (n+/p+) or poly. Unless we want
to form a rectifying contact (a Schottky diode), we never connect metal directly to
the substrate or well.

Further, we won’t connect metal to poly without having the silicide in place.
Never put a suicide block around a contact to poly [18].

Figure 2.5a shows a layout and corresponding cross-sectional view of the layers
metall, contact, and poly (a contact to poly). Figure 2.5b shows a connection to n+
and p+.

2.2.4 LAYOUT OF MOS TRANSISTOR

Layout and cross-section views of the NMOS device are shown in Figure 2.6. We
recall that the MOSFET is a four-terminal device drain, source, gate, and substrate.
Figure 2.6 shows the bulk connection in the layout and in the schematic. In an n-well
process, the bulk is tied to ground, so the bulk connection is normally not shown in
the schematic symbol. Source and drain are interchangeable.

Cross-section and layout views for the NMOS device are shown in Figure 2.7.
Note how we lay the device out in an n-well. Also seen in the figure is the schematic
symbol for the PMOS device. Again, the source and drain of the MOSFET are inter-
changeable. The n-well is normally tied to the highest potential, Vp,, in the circuit to
keep the parasitic n-well/p-substrate diode from forward biasing.

2.2.5 LONG AND SHORT-CHANNEL MOSFETS

In this section, we will perform electrical simulations to present the main results for
long and short-channel MOSFET. The typical parameters for the sizes and electrical
parameters used for long and short-channel CMOS are shown in Table 2.1.

Figure 2.8a shows the I-V curves for a 50/2 NMOS device (actual size of 2.5
1m/100 nm device) with different values of V=300 mV, 350 mV, and 400 mV. The
current shows significant variation as Vg changes. When [, change with V4 and
Vs=350 mV, the drain current is 10 uA as an approximation. Figure 2.8b presents the
output resistance for a 50/2 NMOS device. We get the output resistance by taking the
reciprocal of the drain current’s derivative in Figure 2.8a. To calculate the V., we
can look at the point where the output resistance starts to increase. In the case where
Vs=350 mV, we have V=50 mV. However, notice that if we use larger V,,, we get
considerably higher output resistances.

Figure 2.9a shows a plot of drain current versus V;for a MOSFET in the short-
channel process. The threshold voltage is calculated by the linear extrapolation back
to the axis of the gate voltage. In Figure 2.9b, we take the derivative of (a) to get the
g,, of the device. We can linearly extrapolate the threshold voltage back to the gate
voltage axis. The two methods give different results; from (a) the threshold voltage is
Vian=358.3 mV, while from (b) V;,=281.4 mV.

Figure 2.10a depicts the I-V curves for a 10/2 NMOS device (actual size of 10
um/2 ym device) with different values of V=1V, 1.05V, and 1.1V. The current shows
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FIGURE 2.6 Cross-section and layout views for the NMOS device [19]

significant variation as V,,changes. From the I-V characteristics, the drain current is
approximately 20 pA for V;¢=1.05V. The output resistance for a 10/2 NMOS device
is presented in Figure 2.10b for different values V=1V, 1.05V, and 1.1V.

Figure 2.11a and Figure 2.11b depict the variation of drain current and transcon-
ductance against Vrespectively for a MOSFET in the long-channel process. From
(a), the threshold voltage is V,,=1.12V, while from (b) V;;,;,,=800mV.

2.3 PARASITICS ASSOCIATED WITH CMOS TECHNOLOGY

2.3.1 Rc DELAY THROUGH THE N-WELL

In this part, we notice that the n-well can be used as a diode and as a resistor. Parasitic
resistance and capacitance related to the n-well are shown in Figure 2.12.
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FIGURE 2.7 Cross-section and layout views for the PMOS device [19]

If we apply a voltage pulse to one side of the n-well resistor and measure the
delay time at the 50% points of the pulses, the pulse will occur after the delay time
[20-23].

Calculation of the delay through a distributed RC of the circuit is shown in Figure
2.13. The delay to node A is estimated using

tdA = O'7Rsheetcsheet (1)

The delay to the second node is the sum of the delay to the first node plus the delay
associated with charging the capacitance at the second node through 2%k, or

tdB =0.7 (Rsheet Csheet + 2Rsheet Csheet ) (2)
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TABLE 2.1
The main parameters for long and short-channel MOSFET [19]
NMOS PMOS

Parameters Short channel Long channel Short channel Long channel
Scale 50 nm 1 um 50 nm 1 um
W/L 50/2 1072 10072 30/2
Vipssar 50 mV 250 mV 50 mV 250 mV
Vs 350 mV 1.05V 350 mV 115V
Viy 280 mV 800 mV 280 mV 900 mV
I, 10 pA 20 pA 10 pA 20 pA
OVyy 10T -0.6 mV/C® -1 mV/C® —0.6 mV/C® -1.4 mV/C°
C- 25 fF/um? 1.75 fF/um? 25 fF/um? 1.75 fF/um?

ox
C, 6.25 fF 35 fF 12.5fF 105 fF
C, 4.17 fF 233 fF 8.34 fF 6 fF
Cu 1.56 fF 2fF 37fF 6 fF
A 0.6 vV 0.01 v/ 0.6 V! 0.0125 v/
g,atl,=10 pA 150 pA/V 150 pA/V 150 pA/V 150 pA/V

We use the distributed RC delay to write the general delay for a great number of
sections, [, as

14 =0.TR ees Copees (142 +3+...+1) 3)
then
2
td ~ 035 Rsheet theetl (4)
30| —— VGS=300mV 400 —
—— VGS=350mV ———
55| — VGs=400mv /__// g 350 /
_ £
300
RS e 2 /
= 3 250
215 g /
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FIGURE 2.8 Output properties for a 50/2 NMOS in 50nm technology process with
Vs=300mV, V;,;=350mV, and V;;=400mV: (a) rain current and (b) output resistance
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FIGURE 2.13 The use of a distributed RC delay to determine the delay [23]

Where the C,,, and R
RC line.

To estimate the RC delay through the n-well resistor, a SPICE loss transmission
line is used to model the distributed effects of the different n-well resistors, R =100
k2 , R,=200 k2 , and R,=300 k€2 with a width of 10 and a length of 200. The n-well
to substrate capacitance of a 10 10 x10 square is 5fF.

We split the n-well into 20 squares where the size of each square is 10x10 and
resistances of 5 kQ , 10 kQ , and 15 kQ . The delay through different resistors is

thent, ~ 0.35(51<Q)(5fF)(20)2 =3.5ns,ty, = Tns and t,; ~10.5ns
Figure 2.14 presents the delay through different resistors using SPICE simulation.

are the sheet capacitance resistance of each distributed

sheet

2.3.2 DEPLETION CAPACITANCE

We can form a p-n junction when we set an n-well in the p-substrate. It is important
to know how to model a p-n junction for analytical calculations and space simula-
tions [24].

The expression of the diode current /,is given by

Vb
ID=15£8WT —IJ )

kT
Note that Vr = 7, I is the scale (saturation) current, V,is the voltage across the

n-well diode, V,is the thermal voltage, n is the emission coefficient, k is Boltzmann’s
constant, 7 is the temperature, and g is the elementary charge.
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FIGURE 2.14 Delay through the n-well resistors using SPICE simulation

As shown in Figure 2.15, depletion capacitance is composed of bottom capaci-
tance and sidewall capacitance.
The zero bias of the bottom capacitance, Cy, is be calculated using

Cro = Cy Bura(Sc)’ ©)

where Sc presents the scale, C, is the capacitance area, and B,,, is the bottom area.
The zero bias of the sidewall capacitance, Cy,, is calculated using

Cs0=Cy4 .(Depth of the well).(Perimeterof the well)(Sc)2 @)

The overall depletion capacitance of the n-n junction is the parallel mixture between
the bottom and sidewall capacitances, or

_ Cpo+Cs

j v ®)
Vi

Vpis the voltage across the diode, m is the grading coefficient (showing how the sili-
con changes from n- to p-type), and V,,is the built-in potential given by

kT NpN
ol ©
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FIGURE 2.15 Bottom capacitance and sidewall capacitance of the p-n junction

where N, is the substrate doping, and N, is the n-well doping.

We consider an n-well/p-substrate diode with a 100 x 100 square at a scale factor
of 1 um, as the doping of the substrate is 10'¢ atoms/cm? and the doping of the well is
10" atoms/cm?. The measured zero-bias depletion capacitance of the junction is 80
aF/um? (=100 x 10-®F/um?), and the grading coefficient is 0.333. Assume the depth
of the n-well is 4 um.

The built-in potential is calculated using

1 01()1 019

V,; =26mV xIn 3
(14.5 109)

=303.39mV

From Equation (6), we get
Cao = (80aF / pm*)x(100)" x (1um)” = 0.8pF
From Equation (7), we get
Cso =(80aF / um® ) (4)x(400)x (1um )" =0.128pF

Substituting numbers in Equation (8), we get

_ L120pF
J 1_ VD 0.33
0.759

Figure 2.16 depicts the capacitance changes of the n-well with reverse potential.
Generally, we consider the depletion capacitance of the p-n junction in the case
of the reverse bias. Injecting electrons from the p junction and holes from the n-well
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FIGURE 2.16 Handy and space simulation of depletion capacitance

across causes the diode to become a forward-biased minority carrier, which results
in a storage capacitance. This capacity is typically much greater than the exhaustion
capacity.

2.3.3 STORAGE CAPACITANCE

We can characterize the storage capacitance, Cs, in terms of the minority carrier
lifetime. Within DC operating conditions, the expression of the storage capacitance
is stated as

Ip

C,=
nVT

T, (10)

where t,is carrier transit time. Notice that the diode capacitance is very functional
for analog AC small signals. However, for digital applications, we have focused on
the large signal-switching performance of the diode. In general, it can be said that it
is undesirable to forward bias the p-n junction.
Consider the diode circuit in Figure 2.17. At the time ¢, the input voltage source
makes an abrupt transition from a forward voltage of V.to a reverse voltage of V,,
Ve=07 Vg=0.7

causing the current to change from R to R The diode voltage remains

at 0.7 V because the diode contains a stored charge that must be removed. At time #,,
the stored charge is eliminated. At this point, the diode is similar to the voltage-
dependent capacitor.
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FIGURE 2.17 Forward-reverse diode circuit

The storage time 7, is clearly the difference between ¢, and 7,, then

tx =t2 _tl (11)
We can also write
ip—1i
u=nm(F.Rj (12)
—ig
Ve=0.7 Ve —0.7

where ir = T and ig = R

To illustrate our understanding, SPICE simulation is used to model the circuit
appearing in Figure 2.18, knowing that the carrier lifetime of the diode is 20 ns.
From Equation 12, the storage time is calculated as

t, =20In

(435+565j =11.4186ns

Figure 2.19 shows the diode current versus time, the input voltage step V,,, and the
voltage across the diode V). From the obtained results, storage time is 7#,=11.214 ns
which is close to the handy calculation.

500 Q2

5 Diode Tm
0u

FIGURE 2.18 Diode circuit used in space simulation
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FIGURE 2.19 Voltage and diode current versus time

2.3.4 METAL-SUBSTRATE CAPACITANCE

The fundamental size of the bonding pad defined by MOSIS (MOS implementation
system) is 100 um by 100 um. For a probe buffer, the size must be greater than 6 um
by 6 um. The substrate is connected at ground, and then it can be supposed as an
equipotential plane. This is important because we have to drive this capacitance to
get a signal off the chip. Parasitic capacitance values are presented in Table 2.2 for
CMOS process technology.

For example, the capacitance associated with the 100 um by 100 um square pad is
the sum of the plate (or bottom) capacitance and the edge capacitance. We can write

Cpau,’,m 2-sub = alea Cplate +Pe’imet€r Cfn'nge (13)
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TABLE 2.2
Capacitance parasitic values in CMOS technology process [14]
Plate cap (aF/um? Fring cap (aF/um)

Poly1 to subs 53 58 63 85 88 92
Metall — polyl 35 38 43 84 88 93
Metall — subs 21 23 26 75 79 82
Metall — diffusion 35 38 43 84 88 93
Metal2 — poly| 16 18 20 83 87 91
Metal2 — subs 13 14 15 78 81 85
Metal2 — diffusion 16 18 20 83 87 91
Metal2 — metall 31 35 38 95 100 104

The pad surface is 100 um? square, whereas its perimeter is 400 um. The use of typi-
cal capacity values for metal2 substrates in Table 2.2 gives

Cpaam2-s» = (10000) x 14aF +(400) x81aF =0.172pF

2.4 LAYOUT DESIGN RULES

Design rules of layout are defined according to the size of the characteristics, sepa-
rations, and overlaps. Feature size defines the dimensions of constructs, such as the
channel length and the width of wires. Separation defines the distance between two
constructs on the same layer. Overlap defines the necessary overlap of two constructs
on adjacent layers in a physical construction, such as a contact connecting a poly
wire with a metall wire, in which the metall wire must overlap with the poly wire
below.

Mead and Conway [25, 26] popularized scalable design rules based on a single
parameter, A, that characterizes the resolution of the process. A is mostly half of the
minimum channel length MOS transistor. The channel length is set by the minimum
width of a polysilicon wire.

For example, a 50 nm process has a minimum polysilicon width of 0.05 um and
uses design rules with 4 =0.025 um. Lambda-based rules are necessarily stable
because they round up dimensions to an integer multiple of A.

It is important to exercise caution when using lambda-based design guidelines in
submicron geometries. We provide a sample set of the lambda-based layout design
rules developed for the MOSIS [27] CMOS process in the following and demonstrate
the effects of these rules on a piece of a basic layout that has two transistors (see
Table 2.3 and Figure 2.20).
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TABLE 2.3
MOSIS layout A design rules [28]
Rule code Description A-Rule

Active area

R1 Minimum active area width 3
R2 Minimum active area spacing 3h
Polysilicon

R3 Minimum polysilicon width 20
R4 Minimum polysilicon spacing 20
RS Minimum gate addition of polysilicon over active area 2\
R6 Minimum polysilicon — active area spacing 1A
R7 Minimum polysilicon — active area spacing 3
Metal

R8 Minimum metal width 30
R9 Minimum metal spacing 3
Contact

R10 Polysilicon contact size 2\
RI11 Minimum polysilicon contact spacing 20
R12 Minimum polysilicon contact to poly edge spacing js
R13 Minimum polysilicon contact to metal edge spacing 1A
R14 Minimum poly contact to active edge spacing 3r
RI15 Active contact size 2\
R16 Minimum active contact spacing 20
R17 Minimum active contact to active edge spacing jws
R18 Minimum active contact to metal edge spacing 1A
R19 Minimum active contact to polysilicon edge spacing 30
R20 Minimum active contact spacing 6L

2.5 ANALOG AND DIGITAL CMOS CIRCUIT DESIGN

2.5.1 CURRENT MIRRORS

The current mirror is a very important unit for analog integrated circuit design [29].
It is mainly used to copy a current circulating from one active device to another
active device. Figure 2.21 presents the fundamental NMOS current mirror, fabri-
cated using two identical MOSFET, M, and M,. If the two drain resistors are equal,
then V5=V,

From M,, the expression of the reference current is

%(VGSI —Viuy )2 (1"‘7&(‘/051 _VDSUaI)) (14)
1

Trer =1p) =

We have V5=V, and Vs =Ves1 —Viny -
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B Polysilicon
Il Contact
I Metal
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FIGURE 2.20 Clarification of some of the typical MOSIS layout design rules [28]

Then the drain current flowing through M, is

Iy=1p, =

KPW,

(Vasi =V ) (1 2(Vo—Vosisa ) (15)

Note that V;,=Vs, and Vg, =V psasar and V,is the voltage across the current source.
Looking at the ratio of the drain currents, we get

M1

FIGURE 2.21

VDD

llref=ID1
RS

I, WoL _ 1+2(Vo—Vosia)

Irer - WL, 1+ 7\'(VDS1 —VDsmz)

r

I_

_|

(16)

llo =Ip;

— L1
M2

-

A basic current mirror
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(@) (b)

FIGURE 2.22 MOSFET contact in analog design: (a) with a single contact and (b) with
more contacts [23]

Figure 2.22a depicts a basic MOSFET device with a high ratio of W/L.

Adding many contacts along the width of the drain and source contacts (as seen
in Figure 2.22b) results in reduced resistance and high drain current.

Splitting the devices into parallel devices and interdigitating them can distribute
process gradients across both devices and thus improve matching [30]. As seen in
Figure 2.23a, each MOSFET in Figure 2.24b is divided into four MOSFETs. If the
W/L of each MOSFET in Figure 2.23b is 100/2, then the size of each MOSFET (fin-
ger) in Figure 2.23a is 25/2.

We consider a circuit mirror presented in Figure 2.24. M1 and M2 are 10/2 NMOS
with a scale of 1 um.

(C)

(b)

« HC

M1 M1 M2 M2 M1 M1 M2 M2

FIGURE 2.23 (a) Current mirror circuit: (a) layout using interdigitation and (b) equivalent
circuit [23]
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FIGURE 2.24 Current mirror based on NMOS

From Table 2.1, the resistor value is calculated as follows:

_Vop—Vesi _5-1.05 _ 4000,
IREF Sl"l‘A

R

Figure 2.25 shows the SPICE simulation of the I-V characteristics of the NMOS cur-
rent mirror. Current reference is approximately 8 pA. See that below, V=140 mV.
The point where V5=V, is where I;,,=I ., Finally, we conclude that I.,and V,
are independent of V..

2.5.2 INVERTER

The CMOS inverter is a basic building block for digital circuit design [31, 32]. As
Figure 2.26 shows, the inverter is based on CMOS technology. If the input is fixed to

o ; ) ) !
8 r — —— —— .
1) S — S — —
6 R o e o o —
%
B — .
g
o | LI TN IR .
E
3 ...................................................................... -
2 ______________________________________________________________________ —
S S AR S N —— IREF ||
— ;2
0 | | | |
0 1 2 3 4 5
VDS2 (V)

FIGURE 2.25 Output current of current mirror
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FIGURE 2.26 Inverter schematic

ground, the output is pulled to V,,, across the PMOS transistor. Whereas the input is
fixed to V5, the output is pulled to ground across the NMOS transistor.

The operational point corresponds to the point on the curve when the input volt-
age is equal to the output voltage. At this point, the input voltage is called the inverter
switching point voltage, V,,, and both MOSFETs in the inverter are in the saturation
region. Since the drain current in each MOSFET must be equal, the following is true

n 2 2
%(VSP —Viun ) = %(VSP _VTHP) 7
Solving for V,, gives
{ganTHN + (VDD —Virne )
Vep = V82
sp = (18)
1+ g"l
8p

Figure 2.27 presents the mask layout of the inverter. We suppose that the design
of the inverter is done with minimume-size transistors. The active area width is
then fixed by the minimum diffusion contact size and the minimum separation
between diffusion contact and active area boundaries. The width of the polysili-
con line over the active area (which is the gate of the transistor) is typically taken
as the minimum poly width. The PMOS transistor has to be located in an n-well
region, and the minimum size of the n-well is dictated by the PMOS active area
and the minimum n-well overlap over n+. The polysilicon gates of the NMOS
and the PMOS transistors are usually aligned. The final step in the mask layout
is the local interconnections in metal for the output node and for the V, and
GND contacts. Notice that in order to be biased properly, the n-well region must
also have a V,,, contact.
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VDD

GND

FIGURE 2.27 Mask layout of the inverter

Using SPICE simulation, the inverter voltage transfer curves for long- and short-
channel CMOS processes are presented in Figure 2.28. Notice that the V,,, applied
for the long-channel process is 5V, while the V,,, applied for the short-channel pro-
cess is 1V. The output high voltage, V,,, is V,,,, and the output low voltage, V,,, is
ground. V,, is approximately 2.5V for the long-channel inverter, while it is 500 mV
for the short-channel inverter.

In Figure 2.29, we also plotted the power consumption of the inverter for the long-
and short-channel CMOS processes. It is noted that power consumption becomes
important in the transition region.

Figure 2.30 shows the simulated low-to-high delay for different input patterns.
For the case where the input transition A goes from low to high (A=0—1), the time
delay is 2.03 ns. On the other hand, for the case where A=1 transitions from 1—0,

E— —— T
4 0.8
(4 [
g3 2 0.6
S S
S S
- -
ey ey
22 204
3 3
o] o
1 0.2
0 i 0 e
0 1 2 3 4 5 0 0.2 0.4 0.6 0.8 1
(a) Input voltage (V) (b) Input voltage (V)

FIGURE 2.28 Characteristics of CMOS inverter: (a) long channel and (b) short channel
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the time delay is 1.36 ns. The calculated average power in this dynamic simulation
is 68.098 uW.

Increasing switching speed (reducing time delay) means increasing the (W/L)
ratios of all MOSFETs in the inverter. This later, increases the gate, source, and
drain areas and, as a result, the appearance of the parasitic capacitances charging
the logic gates.
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FIGURE 2.30 Input and output signals versus time of the inverter for a long-channel process
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2.5.3 NAND AND NOR GATES

Two input NAND and NOR gates are presented in Figure 2.31. The two logic gates
need both inputs to be high until the output switches to low.

To explain the switching point voltage, we notice that the two parallel PMOS
devices in Figure 2.31a are similar to one MOSFET; then we can write

W+ W, =2W, (19

We start our study by calculating the voltage transfer characteristic of the NAND
gate with the NMOS and PMOS devices with the widths, W, and W, and lengths, L,
and L, respectively [33].

Supposing that all PMOS transistors have the same size. The transconductance
parameter of a single PMOS can be written as

83+84=2g, (20)
The two NMOS transistors are in series, then
Ll +L2 = 2Ln (21)

and the transconductance is given by

g+ =51 (22)
2
Then the NAND gate can be modeled as an inverter in NMOS and PMOS devices
with the ratios Wn/ 2L.n and 2Wp/Lp respectively; in this case, the transconductance
of the NAND gate is given by

VDD VDD VDD
M3 o m4 A o m4

—— il

1 AB
A M2 B d| ™3

1 —— e
B i M1 M2
(a) GND (b) GND GND

FIGURE 2.31 Logic gate schematic: (a) NAND gate and (b) NOR gate
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&n
8NAND = 23
4gp )

The expression of the switching point voltage is
_ &nanpVruy + (VDD —Viup )

Vsp = 24
1+\/gNAND @4

A similar analysis is done for the 2-input NOR gate (see Figure 2.31b).
Here, the switching point expression is given by

_ N8nor Viuy + (VDD —Viup )

Vsp 25
1+ \/ &Nor @)
The transconductance is given by
48,
8NorR = & (26)
8p

Figure 2.32 shows the sample layouts of a 2-input NOR gate and a 2-input NAND
gate, using one layer of polysilicon and one layer of metal. Here, the p-type and
n-type diffusion areas for the PMOS and NMOS transistors are organized in parallel
to have vertical gate polysilicon lines. Moreover, the two mask layouts present a high
symmetry because the NOR and NAND gates have a symmetrical circuit topology.
The proposed NAND circuit simulation has been performed in SPICE simulation
in long-channel technology (1 um). The W/L ratio of NMOS transistors used in all

VDD
VDD

AB

GND GND

(a) A B (b) A B

FIGURE 2.32 Layout representation: (a) 2-input NAND gate layout and (b) 2-input NOR
gate layout



Conventional CMOS circuit design 49

w

Output voltage (V)
(]

= A=1 and B=0~1
= B=1 and A=0-1
— A=B=0-1

0 1 2
Input voltage (V)

0

FIGURE 2.33 Voltage transfer characteristics of 2-input NAND in /um CMOS process

circuits is preserved at its minimal value, which is 10 p/2 and 30u /2u for PMOS
transistors.

Three possible input combinations switch the output of the gate from high to low:
A=B=0 —1; A=1, B=0—-1; and B=1, A=0 — 1, which are performed using SPICE
simulation. The resulting voltage transfer curves are depicted in Figure 2.33. The
great change between case (a) and cases (b) and (c) is described by the fact that in the
first case, both transistors are on at the same time. In the latter cases, only one of the
pull up devices is on. The difference between (b) and (c) results mainly from the state
of the inner node between the two NMOS devices.

The same simulations are done in the case of the static 2-input NOR gate. Three
possible input combinations are simulated: (a) A=B=0 —1, (b) A=0, B=0 — 1, and (c)
B=0, A=0—1. The resulting voltage transfer curves are shown in Figure 2.34.

We next consider the dynamic operation of the NAND and NOR gates in 1 um
CMOS technology.

The transient response of the NAND and NOR gates as calculated by SPICE
are presented in Figure 2.35 and Figure 2.36 respectively. A transient analysis is
requested to be performed over a 400ns interval using a 0.2ns time step. Concerning
the NAND gate simulation, we see that both the rise and fall time of the output volt-
age signal are quite similar in duration. With the aid of the Probe facility, we find that
the 90% to 10% fall time tyy; is 2.87ns and the high-to-low input-to-output transition
delay 1, is 2.26ns.

Whereas from the NOR simulation the 90% to 10% fall time ty; is 3.2/ns and the
high-to-low input-to-output transition delay ., is 2.78ns.
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FIGURE 2.34 Voltage transfer characteristics of 2-input NOR in Jum CMOS process
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FIGURE 2.35 Simulated input and output waveforms of NAND gate in /um CMOS technology
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FIGURE 2.36 Simulated input and output waveforms of NOR gate in /um CMOS
technology

2.5.4 FuLL ADDER

In this part, we will design a one-bit binary full-adder circuit using long-channel
CMOS technology [34-36]. Figure 2.37 shows the circuit diagram of the full adder
based on CMOS technology. The circuit has three inputs A, B and C and two outputs
sum and carry_out. The mask layout of the CMOS full-adder circuit is presented in
Figure 2.38. Input and output pins have been ordered in vertical polysilicon lines.
Moreover, the sum circuit and the carryout circuit were performed using one contin-
ued active area each.

Note that in this initial adder cell layout, all NMOS and PMOS transistors are
placed in two parallel rows, between the horizontal power supply and the ground
lines (metal). All polysilicon lines are laid out vertically. The area between the
n-type and p-type diffusion regions is used for running local metal interconnections
(routing). Also note that the diffusion regions of neighboring transistors have been
merged as much as possible, in order to save chip area.



52 Device circuit co-design issues in FETs

VDD
T

A - AL 8- c—

A _°| Carry_out

- A
B —j - l— B VDD

¢ - a e
a4
v adLe—Lcd0 g-c "
N

GND

Sum

FIGURE 2.37 Circuit diagram of long-channel CMOS full adder

The regular gate-matrix layout style used in this example also has the inherent
advantage of being easily adaptable to computer-aided design (CAD).

Figure 2.39 shows the simulated input and output waveforms using SPICE.
Unfortunately, the simulation results show that the circuit does not meet all of the
design specifications. The propagation delay times of the sum_out and carry_out sig-
nals are found to violate the timing constraints since the minimum-size transistors
are not capable of properly driving the capacitive output loads.

2.6 CONCLUSION

This chapter examined the principles of designing a simple CMOS integrated circuit.
The effect of parasitic effects such as storage capacitance, shift delay through the

VDD

AERRRAN
—Ainnnii
> _EERRAN

GND

FIGURE 2.38 Mask layout of the CMOS full-adder circuit
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FIGURE 2.39 Simulated input and output waveforms of the full-adder circuit

well; and depletion capacitance have been simulated and investigated. We have given
some information regarding the design rules for active area, polysilicon, and contact
and metal interconnects.

We have introduced the main concepts for analog CMOS circuit design, and
we have also performed a SPICE simulation of current mirrors. In addition, digital
CMOS circuit designs such as inverter, NOR, NAND, and full-adder circuits have
been designed and simulated. Based on the simulation results, it has been confirmed
that the short-channel MOSFET model-based logic gates circuits have better output
signal levels and consume less power compared to the long-channel MOSFET model
at low supply voltage.

REFERENCES

1. D. Das. (2011). VLSI Design (1st edition), Oxford University Press.

2. K. N. Tu. (2003). “Recent advances on electromigration in very-large-scale-integration
of interconnects”, Journal of Applied Physics, 94(9), p. 5451. https://doi.org/10.1063/1
.1611263.

3. S. K. Tolpygo, V. Bolkhovsky, T. J. Weir, A. Wynn, D. E. Oates, L. M. Johnson, M. A.
Gouker. (2016). “Advanced fabrication processes for superconducting very large-scale
integrated circuits”, IEEE Transactions on Applied Superconductivity, 26. https://doi
.org/10.1109/TASC.2016.2519388.


https://doi.org/10.1063/1.1611263
https://doi.org/10.1063/1.1611263
https://doi.org/10.1109/TASC.2016.2519388
https://doi.org/10.1109/TASC.2016.2519388

54

4.

10.

11.

12.
13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Device circuit co-design issues in FETs

G. E. Moore. (1998). “Cramming more components onto integrated circuits”,
Proceedings of the IEEE, 86(1), pp. 82-85. https://doi.org/10.1109/N-SSC.2006
4785860.

. J. M. Pimbley, M. Ghezzo, H. G. Parks, D. M. Brown. (1989). Advanced CMOS Process

Technology, Academic Press, INC.

. J. Lienig, J. Scheible. (2020). Fundamentals of Layout Design for Electronic Circuits,

Springer Nature.

. N. H. E. Weste, D. M. Harris. (2010). CMOS VLSI Design a Circuits and Systems

Perspective (4th edition), Addison-Wesley.

. J. F. Wakerly. (2001). Digital Design: Principles and Practices (3rd edition),

Prentice-Hall.

. BehzadRazavi. (2017). Design of Analog CMOS Integrated Circuit (2nd edition),

McGraw-Hill education.

Y. Taur, T. H. Ning. (2009). Fundamentals of Modern VLSI Devices (2nd edition),
Cambridge University Press.

S. A. Campbell. (2008). Fabrication Engineering at the Micro- and Nanoscale (3rd
edition), Oxford University Press.

J. P. Uyemura. (2001). CMOS Logic Circuit Design, Kluwer Academic Publishers.

B. P. Wong, A. Mittal, Y. Cao, G. Starr. (2005). Nano-CMOS Circuit and Physical
Design, Wiley-IEEE Press.

R. J. Baker. (2010). CMOS Circuit Design, Layout, and Simulation (3rd edition), John
Wiley & Sons.

. T. Hook, J. Brown, P. Cottrell, E. Adler, D. Hoyniak, J. Johnson, R. Mann. (2003).

“Lateral ion implant straggle and mask proximity effect”, IEEE Transactions on
Electron Devices, 50(9), pp. 1946—1951. https://doi.org/10.1109/TED.2003.815371.

M. C. Schneider. (2010). CMOS Analog Design Using All-Region MOSFET Modeling,
Cambridge University Press.

J. D. Plummer, M. D. Deal, P. B. Griffin. (2000). Silicon VLSI Technology,
Fundamentals, Practice, and Modeling, Prentice-Hall Publishers.

R. S. Muller, T. I. Kamins, M. Chan. (2002). Device Electronics for Integrated Circuits,
John Wiley and Sons Publishers.

R. J. Baker. (2019). CMOS Circuit Design, Layout, and Simulation (4th edition), IEEE
Press.

H. Kaeslin, E. Zurich. (2008). Digital Integrated Circuit Design from VLSI Architectures
to CMOS Fabrication, Cambridge University Press.

S. Labiod, S. Latreche, C. Gontrand. (2012). “Numerical modeling of MOS transis-
tor with interconnections using lumped element-FDTD method”, Microelectronics
Journal, 43(12), pp. 955-1002. https://doi.org/10.1016/j.mejo.2012.10.005.

B. Smaani, S. B. Rahi, S. Labiod. (2022). “Analytical compact model of nanowire junc-
tionless gate-all-around MOSFET implemented in Verilog-A for circuit simulation”,
Silicon. https://doi.org/10.1007/s12633-022-01847-9.

R. J. Baker. (2005). CMOS Circuit Design, Layout, and Simulation (2nd edition), IEEE
Press and Wiley-Interscience.

S.Labiod, B. Smaani, S. Tayal, S. B. Rahi, H. Sedrati, S. Latreche. (2022). “Mixed-mode
optical/electric simulation of silicon lateral PIN photodiode using FDTD method”,
Silicon. https://doi.org/10.1007/s12633-022-02081-z.

C. Mead, L. Conway. (1980). Introduction to VLSI Systems, Addison-Wesley.

N. H. E. Weste, D. M. Harris. (2010). CMOS VLSI Design A Circuits and Systems
Perspective (4th edition), Addison-Wesley.


https://doi.org/10.1109/N-SSC.2006.4785860
https://doi.org/10.1109/N-SSC.2006.4785860
https://doi.org/10.1109/TED.2003.815371
https://doi.org/10.1016/j.mejo.2012.10.005
https://doi.org/10.1007/s12633-022-01847-9
https://doi.org/10.1007/s12633-022-02081-z

Conventional CMOS circuit design 55

27.

28.

29.

30.
31.
32.
33.

34.

35.

36.

C. Pina. (2002). “Evolution of the MOSIS VLSI educational program”, in Proceedings
Electronic Design, Test, and Applications Workshop, pp. 187-191. https://doi.org/10
.1109/DELTA.2002.994612.

S. M. Kang, Y. Leblebisi. (2003). CMOS Digital Integrated Circuits: Analysis and
Design, (3rd edition), McGraw-Hill.

J. Ramirez-Angulo, R. G. Carvajal, A. Torralba. (2004). “Low-supply-voltage high-
performance CMOS current mirror with low input and output voltage requirements”,
1IEEE Transactions on Circuits and Systems. Part I1, 51(3), pp. 124—129. https://doi.org
/10.1109/TCSI1.2003.822429.

A. Hastings. (2001). The Art of Analog Layout, Prentice Hall, Inc.

M. L. Elmasry. (1992). Digital MOS Integrated Circuits 11, IEEE Press.

J. P. Uyemura. (2002). Introduction to VLSI Circuits and Systems, John Wiley and Sons
Publishers.

J. P. Uyemura. (1992). Circuit Design for Digital CMOS VLSI, Kluwer Academic
Publishers.

A. Yadav, R. Mehra. (2015). “Efficient layout design of 4-bit full adder using trans-
mission gate”, International Journal of Computer Trends and Technology, 23(3), pp.
116—-119. http://doi.org/10.14445/22312803/1JCTT-V23P125.

S. Tayal, B. Smaani, S. B. Rahi, A. K. Upadhyay, S. Bhattacharya, J. Ajayan, B. Jena, 1.
Myeong, B. G. Park, Y. S. Song. (2022). “Incorporating bottom-up approach into device/
circuit co-design for SRAM-based cache memory applications”, IEEE Transactions on
Electron Devices, 69(11), pp. 6127-6132. https://doi.org/10.1109/TED.2022.3210070.
M. A. Hernandez, M. L. Aranda. (2011). “CMOSFull-adders for energy-efficient
arithmetic applications”, IEEE Transactions on Very Large Scale Integration (VLSI)
Systems, 19(4), pp. 718—721. https://doi.org/10.1109/TVLSI.2009.2038166.


https://doi.org/10.1109/DELTA.2002.994612
https://doi.org/10.1109/DELTA.2002.994612
https://doi.org/10.1109/TCSII.2003.822429
https://doi.org/10.1109/TCSII.2003.822429
http://doi.org/10.14445/22312803/IJCTT-V23P125
https://doi.org/10.1109/TED.2022.3210070
https://doi.org/10.1109/TVLSI.2009.2038166

Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


https://taylorandfrancis.com/

3 Compact modeling of
junctionless gate-all-
around MOSFET for
circuit simulation
Scope and challenges

Billel Smaani, Fares Nafa, Abhishek Kumar
Upadhyay, Samir Labiod, Shiromani Balmukund
Rahi, Mohamed Salah Benlatreche, Hamza
Akroum, Maya Lakhdara, and Ramakant Yadav

CONTENTS
3.1 INErOAUCHION ...ttt 57
3.2 Specificities of compact MOAELS ......c..cccverieiiiniiniiniiiniiieneeeeeeeeee 58
3.3 Interest in hardware description 1anguage.........c..coceveevieneencneencneencneenen. 60
3.4 Device’s operation and PrOPEIties .......c..ceeervereeriereerieeeeneeniereerieneenieseennens 60
3.5 Main approach and significant compact models .........ccccceceevereereneencneennens 62
3.5.1 Charge-based MmOdel ........ccceoeriiriiiieniiiiiniiiiieceeeee e 63
3.5.2 Surface-potential-based model ............coerieniniiiniininininiiieneee 69
3.5.3 Threshold-voltage-based model.........cc.ccevieririenirniininnenienieneene 72
3.6 Challenges with compact MOdEling........cc.eeevevieriiriiniriieniiieneecneeeseeee 72
3.7 CONCIUSION ...t 73
REfEIENCES.....viiiiiiiiiiic e 74

3.1 INTRODUCTION

In order to achieve more and higher performance of integrated circuits (ICs), com-
plementary metal-oxide-semiconductor (CMOS) has been pushed to its physical and
technical limits [1-2]. Therefore, several device architectures have been suggested
[3]. Mainly, the junctionless gate-all-around (JLGAA) MOSFET has attracted much
research attention [4—12]. Compared with the conventional inversion-mode devices
[13, 14], the JLGAA MOSFET offers the best electrostatic control to reduce short-
channel effects (SCE), higher 1,,,/I, ratios, good value of sub-threshold-slope (SS),
lower gate-tunneling probability, and low-frequency noise (LFN) behavior [15-18].
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In addition, the junctionless (JL) devices eliminate the source and drain junctions,
making these types of transistors simple to fabricate and a key element for the down-
scaling of CMOS technology [19-21]. Consequently, the junctionless gate-all-around
MOSFET is one of the best emerging devices for future CMOS circuit implementa-
tion below 10nm of technology nodes [22-24].

Moreover, compact models of junctionless GAA MOSFET dedicated to circuit
simulation are important for using these kinds of transistors in various integrated
circuits. In fact, for possible implementation in different circuits’ simulators, these
types of models are usually accurate, simple, and have explicit analytical formula-
tion [25] for possible implementation in different circuits simulators.

The main motivation for using compact models by circuit computer-aided design
(CAD) in the industry of semiconductors is the efficient design optimization and
cost-effectiveness of integrated-circuit products in the electronic design-automation
(EDA) environment [26]. The interest of using compact models in circuit computer-
aided design is the optimization of circuit performance for robust design integrated
circuits chip. The task of improvement and optimization is complex due to the grow-
ing complexities of scaling down CMOS technology and devices. Indeed, target-
ing the scaling-down of CMOS technology to below 10 nm has resulted in faster
circuit speed, lower power dissipation, and several physical/quantum phenomena
like short-channel effects, channel quantization, self-heating, band-to-band tunnel-
ing, non-quasi-static effects, and radio-frequency behaviors. These effects become
important as the geometrical dimension of the device approaches its technology and
physical limit [27]. It has been found that the performance evaluation and analy-
sis of nanoscale and very large-scale integrated (VLSI) circuits with the prototype
breadboard to characterize and build advanced integrated-circuit chips are expen-
sive and time-consuming [28]. As a result, VLSI technology with reduced devices
becomes more sensitive to process variability, which creates performance variability
for both the circuits and the device [29]. To deal with this drawback, statistical circuit
evaluation analysis is important for designing and developing VLSI chips. Actually,
compact model FET designs are an excellent alternative for efficient design and cost-
effective statistical device performance of VLSI circuits.

From the aforementioned background, a study about the compact modeling of
junctionless (JL) GAA MOSFET for circuit simulation is presented in this chapter.
Firstly, the specificities of compact models for FETs are exposed as a key element for
circuits’ simulation and design. Then, the interest in hardware description language
(HDL) for circuit simulation is discussed. Furthermore, the architecture and physics
of junctionless GAA MOSFET device operation are presented in a further section.
Next, we respectively present the main approach and significant compact models of
JLGAA MOSFET and the challenges of compact modeling of FET for future tech-
nology nodes. Finally, we wrap up the chapter with a conclusion.

3.2 SPECIFICITIES OF COMPACT MODELS

In the last two decades, the compact modeling (CM) of FETs has been organized as a
conventional topic in semiconductor research and development (R&D) [30]. Indeed,
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the CM of FETs is directly related to the development of useful models for integrated
semiconductor devices and for possible use in various circuit simulations [31]. These
types of models are used to describe the transistor terminal behaviors with good
accuracy, excellent computational efficiency, and acceptable simplicity for differ-
ent circuits and system-level simulations for recent technology nodes [32]. In this
context, the designer and users of CM are typically integrated-circuit designers. The
semiconductor industry has therefore demonstrated reliance on fast and accurate
compact model design in parallel with the increase of circuit frequencies, device
scaling-down, the increase in the number of transistors (chips), and the analog con-
tent. Figure 3.1 shows the main interest of CM in the global research workflow for
the development of industrial and new electronic applications. In fact, CM presents
an efficient bridge between the transistor and the system-level outlooks. The first step
illustrates the implementation of new emerging material. Next, the CM describes
the electrical and physics behavior of the transistors. The final step is devoted to the
design of different circuits and systems based on the developed CM [33].

A compact model for a specific transistor can be described as a set of mathemati-
cal formulations and accurate descriptions that evaluate the relationship between
the device terminal characteristics and a variety of materials, as well as operational
parameters such as the temperature and voltages [34], which are helpful for CAD and
deep analysis of different integrated circuits [31, 35]. In addition, a good CM must
take into consideration technology and physical problem that occur when scaling

New materials and
devices study

le—

[ Compact modeling ]

of FETs

Source Gate Darin

/ Circuits and systems \

developments

FIGURE 3.1 Global research workflow for the development of industrial and new electronic
applications
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down the CMOS circuits to belowl0 nm. This includes short-channel effects, reverse
short-channel-effects, modulation of the channel length, DIBL (drain-induced bar-
rier lowering), velocity overshoot, remote surface roughness scattering, impact ion-
ization, degradation of the mobility, band-to-band tunneling, self-heating effect,
quantization in the channel, polysilicon depletion, NQS effects, RF behaviors, and
discrete dopants [36, 37].

The newly developed model is analyzed and validated using technology computer-
aided design (TCAD) tools, like Silvaco [38, 39]. These TCAD tools helped to solve
numerically the main semiconductor physics equations, such as Poisson’s equation,
Fermi—Dirac distribution, and continuity equations. Indeed, it provides a quantita-
tive and comprehensive relationship between the transistor terminal characteristics
with different materials and transistor input parameters. However, considering a
numerical approach requires considerable computational load and consequently is
usually not suitable for simulating circuits based on a large number of transistors.
Nevertheless, the compact modeling approach simplifies this task by capturing the
essential parts of leading mechanisms into simple analytical equations. Also, when a
compact model for a new architecture is developed, the implementation of this model
into a circuit simulator can be easily performed for possible system-level develop-
ments via the simulation, design, and prediction of practical circuits that include this
new architecture. Table 3.1 illustrates the main required characteristics for useful
and good compact models of FETs [33].

TABLE 3.1

Main required characteristics for good compact models of FETs

Characteristics Description

Simplicity of The simpler equations with a small number of parameters will be helpful for
equations solving the currents and voltages within an integrated circuit, by improving

the chance of reaching a convergence over a few periods (of time). In this
context, descriptions with no numerical derivation or integration show big

interest.
Wide range of The difference between the operation regions is not important, and usually, a
applications single equation can be devised in order to cover as many regions as possible.

It will obviously minimize the number of equations and parameters for
possible inclusion in the model library. If the compact model was validated
by measuring a certain device, we should consider the extended derived
models and applicability to other transistors (within the same kind of family)
with, for instance, diverse sizes or/and at varying temperatures.

Transistor physics Such a type of model should be based on physical theories. Simplification and
also fitting capability are the most important issues of the compact model.
Unfortunately, using too many empirical equations or parameters without or
with less physical meaning can ultimately impact the full validity of the
compact model.




Compact modeling of junctionless gate-all-around MOSFET 61

3.3 INTEREST IN HARDWARE DESCRIPTION LANGUAGE

A hardware description language (or HDL) is a specialized powerful computer lan-
guage frequently used to describe the design, structure, and operation for various
types of electronic circuits, most frequently, digital circuits based on CMOS tech-
nology. These kinds of language are able to describe with good accuracy the formal
description of any kind of circuit that allows automated simulation, analysis, and
simulated testing of circuits with FETs. They also allow for the compilation of HDL
programs into a lower-level specification of physics-based electronic devices, like the
set of different masks habitually used to generate integrated circuits [40, 41].

In order to decrease the design complication of integrated circuits, there are
important moves that raise the design’s abstraction level using high-level synthesis
with the help of HDL languages. The Verilog and VHDL languages are widely sup-
ported by various areas in the electronics industry. In addition, VHDL and Verilog
share several characteristics, and both of them are widely suitable for analog and
mixed-signal circuit simulation. The HDLs dedicated to analog circuit design are
illustrated in Table 3.2 [42].

In addition, Verilog and VHDL form an important integral part of the electronic
design-automation systems, especially for complex circuits, like microprocessors
and VLSI systems.

3.4 DEVICE'S OPERATION AND PROPERTIES

As illustrated in Figure 3.2, the schematics of the 3-D gate-all-around MOSFET
include the main geometry parameters, such as the dielectric thickness 7,,, the body
radius R, and the channel length L. From the gate around the channel, the electrostatic
potential in the body is ultimately improved. Therefore, the short-channel effects are
more reduced than other architectures like FinFET or double-gate MOSFET [32].
Because we use the concept of “junctionless”, the considered GAA MOSFET
has no junctions or doping gradients type. This kind of device offers a low leakage
current, less degradation of mobility, and less sensitivity to the thermal budget com-
pared to the classical field-effect transistors. Furthermore, it presents a near ideal
sub-threshold-slope (SS~ 60 mV decades at room temperature). Thus, the elimination

TABLE 3.2

Hardware description languages dedicated to analog circuit design

Name of HDL Description

Verilog-AMS (Verilog for analog and Open standard for extending Verilog language to analog
mixed signal) and mixed analog-digital simulation as well.

VHDL-AMS (VHDL with Analog and A standard language dedicated to mixed analog and digital
Mixed-Signal extension) simulation.

Spectre HDL A universal analog HDL.

HDL-A An analog HDL language.
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FIGURE 3.2  Architecture of 3-D junctionless GAA MOSFET

of source and drain junctions simplifies the fabrication process of CMOS technology
to maintain the scaling-down [21].

Figure 3.3 shows the current-voltage characteristics of junctionless FETs describ-
ing the device’s operation. It is clear that for V<V, the channel is fully depleted
in electrons, while at the threshold voltage (V;4=Vy), a channel of neutral is formed
and links drain and source. Where the gate voltage is greater than the threshold
voltage (V;;;<Vs), the formed neutral channel expands in thickness and width. The
situation V>V, gives a fully accumulated channel.

Figures 3.4(a) and (b) show the transfer characteristics (I, vs. V) of JL GAA
MOSFET in linear and semilog scale, respectively. These characteristics are

Deep-depletion Partial-depletion

Accumulation

FIGURE 3.3 Transfer characteristics of junctionless FETs describing device operation,
where /)5 is the drain current, V,;, is the gate voltage, V, is the threshold voltage, and V; is
the flat-band voltage
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FIGURE 3.4 Transfer characteristics of 3-D JL GAA MOSFET in (a) linear scale, and (b)
semilog scale, for different values of the doping concentration N,=1.0x10"cm?, 1.5%10"cm?3,
and 2.0x10"cm?.

obtained from 3-D numerical simulation of JL GAA MOSFET with the help of
Silvaco-TCAD Software. In this case, we consider different values of the doping
concentration: N,=1.0x10"cm3, 1.5x10"cm?3, and 2.0x10cm?. Moreover, the drain
voltage V,, is equal to 5S0mV, and the gate voltage V, vary from 0 to 2V.

The transfer characteristics of JL GAA MOSFET are given in Figures 3.5(a) and
(b) in linear and semilog scale, respectively, for different values of the channel radius
R=4, 5, and 6nm.

At this stage of the study, we analyze the impact of varying the geometrical and
technical parameters of the transistor, such as the body radius R and the body-doping
N, on switching behaviors I,y, I,z and 1,y/I ,zrratio. From Figures 3.4 and 3.5, it is
clear that the current /,, variation is strongly impacted by the channel radius R and
the body-doping concentrations N,, respectively. It is also apparent that increasing
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FIGURE 3.5 Transfer characteristics of 3-D JLL GAA MOSFET in (a) linear scale, and (b)
semilog scale, for different values of the channel radius R=4, 5, and 6nm

both N, and R parameters create an important increase in the drain-current variation,
particularly in the accumulation region.

However, the impact of varying the R parameter is more important than the N,
parameter as illustrated in Table 3.3 by means of OFF-current /., ON-current /,,,
and 1,,/1,ppratio [32].

3.5 MAIN APPROACH AND SIGNIFICANT COMPACT MODELS

The compact modeling of junctionless GAA MOSFET can be divided into
three categories: the charge-based model, the surface-potential-based, and the
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TABLE 3.3

Parameters of the JLN GAA MOSFET

Body-doping Channel

concentration radius Togs Ion Ton/ Toks
(cm?3) (nm) (LA) (pA) ratio
1.0x10"cm 4.0 1.07x101° 0.3337 3.11x10°
1.5%10"cm 4.0 2.57x10° 0.3572 1.38%x108
2.0x10"%cm 4.0 1.26x107 0.3794 3.01x10°¢
1.0x10"%cm3 5.0 1.23%x10° 0.4196 3.41x108
1.0x10"cm 6.0 3.91x10% 0.5087 1.30x107

threshold-voltage-based model (Figure 3.6). Next, we will explain the theoretical
basis and main approach of the compact model developed from surface-potential-
based and charge-based compact, which are widely used for compact modeling of
these types of devices.

3.5.1 CHARGE-BASED MODEL

The charge-based approach is usually applied to the long-channel transistors [43].
Compared with the other compact models, the charge-based model is very helpful
for developing a simple mathematical formula for the drain current in all regions
of the transistor operation: fully depleted, partly depleted, and accumulated. This
model is given by the Pao—Sah integral as [44—45]:

w Vas
Lo=n” j 0,dV 1)
L Jo

where p is the mobility, W is the channel width, L is the channel length, and V is the
potential shift due to the electron’s quasi-Fermi level, usually evaluated at the source
side (V=0) and the drain side (V,=V,,), and Q,, is the mobile charge density.

These kinds of models are usually based on Boltzmann distribution and quasi-
Fermi level description for the carrier densities. The drift-diffusion carrier model

Approach for
compact modeling

l ,, l

Surface Threshold
potential-based model voltage-based model

Charge-based model

FIGURE 3.6 Main approaches for compact modeling of junctionless GAA MOSFET
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is also considered for the current derivation. In the following, we will explain the
theoretical basis of significantly developed charge-based compact models.

e The approach based on Duarte et al. [44]

In this case, a nonpiecewise analytical drain-current model has been developed for
junctionless gate-all-around FET and for a long-channel case. The model begins
with the parabolic-potential approximation [46]:

2
D(r)= "5 (D5 — D)+ Dy )

R2

where R is the body radius, and @,and @, are the center and surface potentials in the
body, respectively. The parameter r corresponds to the spatial distance in the radial
direction.

Then, using Gauss’ theorem and recalling Equation (2), an important expression
can be developed regarding the mobile charge and voltages:

Ve =V =V =®,In(-Q, / 4ne,®,) - Q,, | Cpp + P,

3)
X [(1 +0,./ qN,ﬂch) / (1 — exp(— (Qm + qunRz) / 4ne D, ))}

where N, represents the channel doping concentration, ¢; is the permittivity of sili-
con, ¢q is the universal electronic charge of the electron, @,(=KT7/g) is the thermal
voltage, ¢,; is the permittivity of silicon, and V/, is the device threshold voltage. The
effective gate-capacitance C,;controls the bulk charge in the semi-depleted region
[47]. It is worth noticing that the charge-based model expressed by Equation (3) is
valid in all regions of the transistor operation: (1) fully depleted, (2) semi-depleted,
and (3) accumulated.

Accordingly, the mobile charge density Q,, is decoupled as Q,,=0,,,+Q,, where
Q,., corresponds to the mobile charge density in fully-depleted and semi-depleted
modes (when the gate voltage V,,is less than the flat-band voltage V), and Q, is a
complementary-mobile charge density added to Q.

This implies that O, is a main correction term to Q,,,» and both of these two terms
are computed separately by the following set of equations:

Ves =V =V = @, In(-Qy, / 41, @, ) = Qup / Cop @)

Vgs - ‘/ﬂ; -V= q)t ln(_Qc /47.[8”‘(1)!)_ Qc /Cc (5)

with Q. =C,-C,,corresponding to the complementary capacitance, and C,, is the
oxide capacitance.



Compact modeling of junctionless gate-all-around MOSFET 67

In addition, the authors derived a drain-current expression using the Pao—Sah
formula, as

L| 2C, L| 2c.

OSdep

5 Qdaep 5 Qd,
Ly :_E M_q)thep _“{(QC) _(DthJ ©)

Osc

The main benefit of this model is the nonpiecewise formulation and the simple ana-
lytical description of the surface and bulk current mechanisms in junctionless GAA
FETs in all regions of device operation, with no fitting parameters. Moreover, the
model meets all specifications of the numerical results in all regions of operation
from deep depletion to accumulation.

e The approach based on Lime et al. [43] and Moldovan et al. [48]

First, the authors developed a DC compact model considering the drift-diffusion
equations. The final expression gives a simple analytical form:

T =25 10, (£(20(0)) - £(0n (V) ™)

Then, the mobile charge density is calculated using the following expression [43]:

f(Q)= o +20-AQIn l+exp[Q_Q""” J +QupIn Q—0uyp
20,, 240, ( [ 0—0uy ] ]
2| | T, )

®

Where Q,,,=gN,(R/2), Q,,=2¢,P, /R, and A=1.425.

The model proposed by Lime et al. has a simple explicit formulation and provides
a continuous solution of the mobile charge density for all regions of operation, i.e.,
from depletion to accumulation mode.

Second, based on the analytical solution of the mobile charge density in [43],
Moldovan et al. derived a quasi-static and continuous model to compute the intrinsic
capacitances using the charge-conservation equation [48].

Css = Csg +Csp = Cgs +Cps ©)
Cpp =Cps+Cpg =Csp +Cqp 10)

Cog =Cgs +Csp = Csg +Cps an
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where C,, is the gate-to-gate capacitance, C,,is the drain-to-drain capacitance, C;
is source-to-source capacitance, C,, is gate-to-source capacitance, C, is source-to-
drain capacitance, C, is source-to-gate capacitance, C, is drain-to-source capaci-
tance, C,, is gate-to-drain capacitance, and C,,is drain-to-gate capacitance.

In addition, the authors in [43, 48] proposed an explicit simple and continuous
model for junctionless GAA MOSFET describing the DC and AC behavior of the
device. Note that this model is the first complete model that has been implemented
in CMOS with Verilog-A language.

e The approach based on Gnani and Baccarani et al. [47]

Based on the Bessel functions, the mobile charge in the depletion region is given by:

2 2 _
0,0 {2 L (X)) o x ©
and
2 2
0, =—0, {(xz)—);)aa_]h (3)} Jorx, <X 13

WhereQ ,=4re,®,R/) corresponds to the normalized factor of the charge density, A
is the Debye length, /,(x) is the modified Bessel functions, X=R/A is the normalized
body radius, a’=exp(v- u,), v=V/®, is the normalized potential shift due to the elec-
tron quasi-Fermi level, and u, is the electrostatic potential at the transistor symmetry
axis.

Also, the authors describe analytically the mobile charge in the accumulation
region as

0, = —%(exp (us —v)—(us —v)—l) " —gN,nR? (14)
where u, is the normalized electrostatic potential (u,=®y/®,).

This model gives a very good physical explanation of the transistor behavior and
provides an accurate description of the mobile charge density from sub-threshold to
accumulation region assuming a cylindrical geometry. However, the mathematical
formulation of the model is complicated due to the use of Bessel functions, which
limits the implementation in circuit simulators.

e The approach based on Jazaeri et al. [49]

The authors adapted an analytical charge-based model derived for junctionless dou-
ble-gate MOSFET to calculate the transcapacitance of JL GAA MOSFET [50]. The
model describes the quasi-static behavior of JL GAA MOSFET as a set of the fol-
lowing equations:
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CDG — WL(X(—6 an,d + an,s _ 12 an.,l _ 28 an,Z J (15)
v, oV, v, oV,
CSG — WL(X, ( an,d _ 6 an,s _ 28 an‘,I _ 12 an,Z J (16)
v, oV, oV, oV,
Coc = —SWLOL(aQ”‘"’ 4+ %ns | g O0n | g 002 j (7)
oV, OV, AV, oV,
CSD — WLQ an,d _ 28 anql _ 12 an,Z (18)
OV, OV, OV,
Con = WLO{—6 Ona 13 On.s _pg n2 J (19)
OV OV OV,
CGD — —SWL(X an,d + 8 an.,l + 8 an,Z (20)
OV, OV, OV,

where Q,,,and Q,, , are the internal mobile charge densities calculated at y=0.25xL
and 0.75XL, respectively, a=0.111. Next, to define the derivative of the local charge
densities regarding the gate and drain voltages (V,, and V,), the authors use the
method published in [50].

Finally, the work of Jazaeri et al. is the first model describing the AC behavior
of JL GAA MOSFET. However, compared to the model of Moldovan et al. [48],
the model of Jazaeri et al. is not purely analytical and has not been implemented in
circuit simulation.

3.5.2  SURFACE-POTENTIAL-BASED MODEL

The charge-based compact models of JL GAA MOSFETs described above can be
implemented in Verilog-A for possible DC and AC simulations of circuits and tran-
sient properties. Nevertheless, for an accurate and qualified model for the EDA tool,
these kinds of models should present high accuracy, powerful physical properties,
and include small geometry effects, such as short-channel and quantum confinement
effects. The surface-potential-based approach is widely considered to achieve strong
physical properties, high accuracy, and be easily simplified into threshold-voltage-
based and charge-based models.

e The approach based on Sorée et al. [51]

A surface-potential-based and self-consistent quantum model has been devel-
oped to get the electronic structure. First, the authors derived a solution of the
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surface-potential @, from the straight-forward integration of a 1-D Poisson equation
in the abrupt-depletion approximation, and it can be written as

48si —t

O L o RG] I

Where r, corresponds to the depletion width.

Second, the authors developed an analytical expression for the electrostatic poten-
tial inside the oxide and the equation for the drain current proportional to both the
body-doping density and the mobility.

Third, Sorée et al. carried out the self-consistent quantum-mechanical calcula-
tion of the charge density and the electrostatic-potential profile. The electronic eigen
functions are derived from the universal Schrodinger equation.

It is important to mention that the model by Sorée et al. has the advantages of
being analytically simple and including a quantum-mechanical effect. Despite these
advantages, this model is only valid below the threshold-voltage region.

e The approach based on Smaani et al. [32]

By considering a regional approach [47], the authors developed an analytical-simple
model without fittings parameters and with a physics-based concept. Furthermore,
the model dedicated to junctionless GAA MOSFET has been also implemented in
low-power circuits using Verilog-A language.

First, from the expression of surface-potential &g given by Equation (21) and
using adequate boundary conditions [32, 52], an important expression of the surface-
potential @, has been proposed in a deep-depletion regime so that

O -V =B(vgeff—®5)+(2[3(Vgeff—q>s)+5)

x(ln(R)—;ln(Rz (1+§[3(Vgeﬁ —(Ds)D] (22)

where V, =V, -V, is the effective gate voltage, V=P, +®,In(N,/n,) is the universal
flat-band voltage, E, refers to the surface electric field, C,=¢, /RiIn(1+t,/R) is the
oxide capacitance, €,, is the oxide permittivity, @,,, is the work-function difference
of the metal-gate and body-semiconductor, 1, corresponds to the intrinsic concentra-
tion, @,(=KT/q) is the thermal voltage, T is the temperature, and K is the Boltzmann
constant. Q,,,=7qN,R* represents the fixed-charge density, p=C,/(4ne,), and
0=0Qy.,/2nqc,.

Second, the authors showed that the surface-potential in the accumulation region
can be written as

(@5 =2V, ) 05 + Vg = [exp(q)ib_vj - 1}1 3

t
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where n=2qNd Tsi®t /Cox>.

Third, when the transistor is partly depleted, the authors show that the surface-
potential can be written as

1 2
&=B(Ver —cbs)+(2B(vgeﬂ- - Dg)+ S)X(ln(R)—zln(Rz [1 +g[3(vgeﬂ. —cbs)m
(24)
with &=-® [exp((Ps-V)/D)-((Ps-V)/D,)-1] corresponding to the approximated
solution of the surface electric field E,in the accumulation region.

Consequently, the analytical model represents the drain current as a set of three
equations:

s R
e :ZR(D,MZ

denlin-| Ly l+ln(R) B Ve Ly, + é+1n(R)+L & +QupV :
ox| bc 2 4 geff 4 geff 4 2B 4B dep

N

25)
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where Equations (25), (26), and (27) correspond to the drain current in deep-deple-
tion, partly-depleted, and accumulation regimes, respectively. In the above equations,
S and D indicate the limits at the source side @¢(0) and the drain side &¢(L), respec-

tively. In order to compute the current in the depletion regime I8P =((I32°)?+(15)*)"? ,
an interpolation function has been involved.

This is one of the most important contributions, where the authors provided
the analog and digital circuit simulation results of low-power circuits as well as
Verilog-A translation of this model.

3.5.3 THRESHOLD-VOLTAGE-BASED MODEL [53]

Compared with the charge-based and surface-based models, the threshold-voltage-
based approach is considered less often for compact modeling of JL GAA MOSFET,
and only a few works have been derived from the threshold-based model. In this con-
text, Chiang et al. developed a quasi-2-D threshold-voltage-based model for short-
channel JL GAA MOSFET by considering the scaling equation.

Assuming a parabolic approximation of the electrostatic potential in the device’s
body, the authors derived an analytical expression of the minimum central potential.
After that, by setting the minimum central potential to zero value and solving for the
gate voltage, the threshold voltage of short-channel JL GAA MOSFET can be written as:

v - Z(By + KOL) +m+ \/(Z(By +11<_0L4);/oo)2 — (1 — 40Ly)(0)2 — 4[31() @)

All the parameters of Equation (28) are well described by Chiang et al. in [53].

Although the approaches developed by Chiang et al. give good accuracy and a
simple formulation of the threshold voltage in JL GAA MOSFET, the proposed com-
pact model covers only the sub-threshold region. Nevertheless, this model establishes
an important analytical formula for the threshold voltage, provides design guidance
for JL GAA MOSFET, and could be useful for device and circuit simulation.

3.6 CHALLENGES WITH COMPACT MODELING

In the aforementioned section, we presented the main approach and significant prog-
ress in the compact modeling of JL GAA MOSFET dedicated to circuit simulation.
However, there are important challenges, such as improving the robustness and prac-
tical applications of the models for circuit simulation. In the following section, we
introduce some open research fields that should be considered for future compact
modeling of JL GAA MOSFET.

e Including short-channel effects

To continue the aggressive device scaling in CMOS technology, analytical com-
plete models incorporating short-channel effects (SCEs) in JL. GAAMOSFET are
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important concepts and crucial issues that should be addressed [53]. The SCEs are
unwanted phenomena arising from the aggressive diminution of the device’s channel
length, especially, when the gate length becomes almost equal to the space-charge
regions of the drain/source junctions with the substrate. The main effects are drain-
induced barrier lowering (DIBL), threshold-voltage roll-off, velocity saturation,
mobility degradation, and reverse leakage current rise [13, 54, 55]. In addition, an
explicit and simple description of SCEs and their incorporation into a continuous
compact model is highly desirable for fast and accurate computation in implemented
CMOS circuits.

* Model for gate-tunneling current

The gate-tunneling current is a kind of unwanted negative phenomenon usually
created from aggressive device scaling, and it is also essential for transistor design
considerations [56, 57]. Moreover, for circuit simulator development [58, 59], an
analytical compact model of JL GAA MOSFET for accurate calculation of gate-
tunneling currents remains widely desirable and helpful. In this context, the con-
finement effect which is frequently caused by the electric field is significant for the
very small diameter of the device’s gate-all-around. Therefore, a compact model
for the gate-tunneling current should incorporate structural and electrical quantum
confinements.

e Describing the threshold voltage

The threshold voltage is a key concept in classical FETs. It allows for a simple and
accurate calculation of the charge density based on its proportional relation with the
gate overdrive voltage. In this context, less compact models have been focused on the
threshold voltage [53], especially considering short-channel devices and including
small geometry effects. In addition, solid fundamental research work on the thresh-
old voltage of JL GAAMOSFET remains an important research subject.

e Implementation in low-power circuits

The implementation of compact models for JL GAA MOSFET in a low-power cir-
cuit is an important task that should be realized for future use in various integrated
circuits. This task is usually performed through hardware description language and
circuit simulator development. However, less compact models for JL GAA MOSFET
have been implemented in low-power circuits [32, 48]. Therefore, more compact
models for JL GAA MOSFET should be incorporated in both analog and digital low-
power circuits in order to improve the practical applications in circuit simulation.

3.7 CONCLUSION

We have illustrated the interest and specificities of compact models for JL. GAA
MOSFET. In this context, we have shown that a compact model should present
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simplified mathematical equations and that it has a wide range of applications. We
have also described the device’s physics. We have introduced the significant com-
pact models of JL GAA MOSFET and the main approaches that are considered for
circuit simulation applications, such as charge-based, surface-potential-based, and
threshold-voltage-based models. In this regard, most of the developed work regard-
ing JL GAA MOSFET considered the charge-based and the surface-potential-based
model. We found that compact models that are explicit, simple, and analytical-based
are promising and helpful for the implementation of CMOS circuits through HDL.
Furthermore, we have shown that the implementation of a compact model in low-
power circuits, modeling the gate-tunneling current, including SCEs, and describing
the threshold-voltage are the main issues that should be considered for future com-
pact modeling in GAA MOSFET and for practical applications of these models in
various circuit simulators.
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4.1 INTRODUCTION

The famous Moore’s law given by Gordon Moore in 1960 states that every one to
two years, the number of transistors in ICs doubles [1]. The problem that cripples this
exponential growth is the increase in the power density generated due to the heating
of the transistors. If the power density keeps scaling like this, the cost of cooling the
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chips using contemporary methods will make the process economically unviable.
Moreover, as the channel length keeps decreasing, the quantum tunneling effect
starts to dominate the functioning of the CMOS technology. This happens because
CMOS scaling leads to various short-channel effects like drain-induced barrier low-
ering (DIBL), mobility degradation, high leakage currents, and impact ionization.
Hence the scaling of CMOS technology beyond the nanoscale range has caused
various reliability issues [2]. It is well-known that the drift-diffusion transport in
MOSFETs restricts the minimum inverse sub-threshold slope SS at around 60 mV/
decade change in the current level at room temperature. Recent research has high-
lighted the need for an alternative device providing better switching performance to
counter the impending power crises at the nanoscale when the power consumption
exceeds the limits of reliable device operation.

At the nanoscale dimensions, sub-threshold leakage becomes highly detrimen-
tal to the device operation [3, 4]. Hence, researchers worldwide have become inter-
ested in tunnel field-effect transistor (TFET) technology because of its lower SS
and much smaller /,; than conventional MOSFETSs. Therefore, TFET is suitable for
ultra-low power [5, 6] applications. TFET technology replaces conventional diffu-
sion-based minority carrier injection in the case of MOSFETs with band-to-band
(BtB) tunneling-based minority carrier injection into the channel [7, 8]. The TFET
basic structure is the gated PIN diode whose 7, arises from BtB generation [9].
This significantly improves SS and power consumption characteristics far beyond
standard CMOS technology [10, 11]. SOI technology-based structures [12] have
been reported to overcome the short-channel effects, lower S, enhanced soft-error
immunity, and improved electrostatics. If we want to replace the current MOSFET in
VLSI circuits with TFETSs as viable switches [13, 14], then the TFET-based circuits
should work as fast as the MOSFETs and should have the same fan-out in the same
circuit. Nevertheless, the major limitation of the conventional TFETSs lies in the fact
that the /,, is much lower than MOSFETs and the inherent ambipolar behavior of
the standard TFETs. Unlike conventional TFETS, recent studies [15, 16, 17] have
revealed that TFETs with higher /,, can be achieved with the gate stack overlap-
ping the source region, using SiGe substrate and high-« dielectric materials as the
gate oxide. Various TFET structures with a large gate-source overlap, heavily doped
source pocket, and gate-drain underlap regions have been reported to enhance the
TFET performance [18-21]. For high /,, and low I, currents, several device struc-

on

tures (double gate and triple gate) have been reported [22, 23].

4.2 GATE-OVERLAP TUNNEL FETS FOR DIGITAL APPLICATIONS

4.2.1 PROPOSED GOTFET STRUCTURES

Figure 4.1 shows the schematic of the GOTFET structure and its BtB generation.
Device optimization has been done by optimizing the channel length, doping con-
centration, oxide thickness, and metalwork function to achieve higher 7, and lower
I, Table 4.1 shows typical parameters used in the Synopsys TCAD simulator.
Device simulation has been carried out using the drift-diffusion model, mobility
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FIGURE 4.1 (a) Schematic of the proposed GOTFET device. (b) Electron and (c) hole BtB
generation in nGOTFET and pGOTFET, respectively

model, high filed saturation models, Shenk TAT model, Auger recombination mod-
els, and dynamic non-local BtB model. Model and simulation parameters were
extracted from experimental TFET reported by Kao (2011) to increase the validity
and accuracy of the results. These extracted parameters have been incorporated in
the simulation deck of the proposed GOTFETs to obtain accurate characteristics.

In this GOTFET device, the gate is overlapped on the source to enhance the
I,, due to vertical BtB tunneling. BtB generation rate is achieved at 10*?/cm?s and
results in an /,, more than MOSFET, while the /,;is one order of magnitude lower
than equally sized MOSFET at the same 45 nm technology node. Due to the gate-
overlapped source region in the proposed GOTFETs, BtB tunneling occurs from the
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TABLE 4.1
Device parameters of the GOTFETs

nGOTFET pGOTFET
Region Material Doping cm Material Doping cm™
Source Siy,Gego 10% p* Siy,Geyg 10% n*
Channel undoped Si - Siy,Geyg 5%10'7 p
Drain Si 102 p+ Siy,Gey s 5x1017 p
Gate Al - Mo

bulk region of the p* source to the surface region of p* source region under the gate-
stack overlapping source, as shown in Figure 4.1.

4.2.2 CHARACTERISTICS OF THE PROPOSED GOTFETS

Figure 4.2a shows I,,-V characteristics of nGOTFET obtained using the dynamic
non-local model with increasing V. I, = 903 yA/um at Vg = Vo= 1V, which is
double that of MOSFET, while ;= 0.3 pA/um is one order of magnitude lower than
the corresponding equally sized MOSFET at the same technology node. Threshold
voltage extracted from the I,,-V¢ characteristics using the third derivative method
has its first peak denoting as a V;;, = 0.4V for nGOTFET, as observed in Figure 4.2b.

Similarly, Figure 4.3a shows pGOTFET I¢-Vg; characteristics with increasing
Vspr At Vg = Vg = 1V, the on-current 7, = 559 pA/um exceeds twice that of an
equally sized MOSFET at the same 45 nm technology node. The leakage current 7,
= 0.1 pA/pm at V;, = 1 V is at least one order of magnitude lower than the equally
sized MOSFET. IV | = 0.36 V obtained from optimized pGOTFET I5-Vq charac-
teristics using the third derivative method, which is much lower than the equivalent
pMOSEFET, as shown in Figure 4.3b.

4.2.3 IMPLEMENTATION OF DIGITAL BASIC BUILDING BLOCKS

This section describes the implementation of digital basic building blocks for VLSI
circuits design using the proposed GOTFET and its performance comparison with
MOSFET in terms of speed and power consumption. The proposed GOTFET is a prom-
ising alternative to the MOSFET due to its lower inverse sub-threshold slope and low
leakage currents for low-power circuits design. Higher 7,,, low 1,5, and lower SS enable
the CGOT-based digital circuits to operate faster and reduce static power consump-
tion compared to the same circuit implemented with CMOS devices. The schematic of
the CGOT-based inverter circuit and its delay characteristics are shown in Figure 4.4.
The performance of the CGOT-based inverter has been benchmarked with an identi-
cal CMOS-based inverter with the same W/L ratio. The circuit has been simulated at a
one GHz frequency with a load capacitance of 10 fF. The CGOT inverter operates 1.43
times faster than the corresponding CMOS inverter, as shown in Figure 4.4. Figure 4.5
compares the static power consumption of the CGOT inverter with the CMOS inverter.
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FIGURE 4.2 (a) I,-Vs characteristics of nGOTFET and nMOSFET for different values of
Vps. (b) Threshold voltage V,, extracted from the characteristics of nGOTFET and nMOS-
FET using the third derivative method [27]

The CGOT inverter consumes 0.009 times the power consumed by the CMOS inverter.
A total decrease of 99.45% of PDP can be achieved through CGOT-based inverter com-
pared to CMOS-based inverter, as summarized in Table 4.2.

The CGOT-based 2-input NAND and NOR gates schematic is shown in Figure
4.6. The delay and static power characteristics comparison for NAND and NOR
gates are shown in Figures 4.7 and 4.8, respectively. Table 4.2 benchmarks the per-
formance parameters of the inverter, NAND, and NOR gates implemented with
CGOT and CMOS technologies at 10 fF load capacitance.

4.3 GATE-OVERLAP TUNNEL FETS FOR TERNARY APPLICATIONS

4.3.1 PROPOSED GOTFET STRUCTURES

In VLSI applications, ternary logic circuits have recently gained considerable pop-
ularity over binary circuits. Their superiority over binary logic in digital design
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TABLE 4.2
Benchmarking the performance parameters of inverter, NAND, and NOR
gates implemented with CGOT and CMOS technologies at 10 fF load
capacitance
Circuit Parameter Inverter 2-i/p NAND 2-i/p NOR
Unitt  CMOS CGOT CMOS CGOT  CMOS  CGOT
Bias Vp, \% 1 1 1 1 1 1
Delay t,, LH ps 168 117 184 106 201 146
Delay t,, HL ps 215 119 254 127 337 157
Average delay ps 191.5 118 219 127 269 1515
Static Iy, pA 15 0.063 19 0.125 51 0.125
Static I,,, pA 35 0.103 9.4 0.206 54 0.165
Average P, pwW 9.25 0.083 14.2 0.166 282 0.145
PDP (¥10%%) J 177.1 098 31098 2.1 758.6 22
Decrease in PDP 99.45 % 99.32 % 99.71 %
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FIGURE 4.6 Schematic of CGOT digital circuits: 2-input (a) NAND and (b) NOR gates

systems is due to smaller chip sizes, fewer interconnects, and faster-operating speeds.
Primarily, ternary logic requires that the device have two threshold voltages: low
threshold voltage V;, and high-threshold voltage V. Therefore, we have modified
the GOTFET structure proposed in Figure 4.1 for this application by changing the
device parameters listed in Tables 4.3 and 4.4. The performance of the modified DG
GOTFET structure is superior to that of the MOSFET at the same technology node.
These devices are designed by changing the doping concentration and gate materials
such that the low and high-threshold voltages (LVT and HVT) are V,,,/3 and 2V ,,/3,
with the ranges 0 to V,,/3, V,,,/3 to 2V, /3, and 2V,,/3 to V,, representing the three
logic states O, 1, and 2 accordingly. In this work, we proposed the dual-threshold
GOTFETs in the same device by changing the body terminal connections instead of
device devices. As explained in the previous section, we have also included similar
physical models in the ternary GOTFETs simulation deck. Devices are simulated at
1 V following the ITRS regulation on maximum bias limit at the 45 nm technology
node.

4.3.2 CHARACTERISTICS OF THE PROPOSED GOTFETS

The LVT and HVT n-GOTFET device characteristics are obtained by changing
the doping concentration and gate materials listed in Table 4.3 with V,,=V,/3 and
V=2V /3, respectively. We found that Al and TiSi, are the best gate materials to
get LVT and HVT nGOTFETs characteristics, respectively. Figure 4.9 illustrates
the transfer characteristics of LVT and HVT nGOTFETs as determined by non-
local BtB generation in TCAD with increasing V. As shown in Figure 4.9, the
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TABLE 4.3
Device parameters of the LVT and HVT nGOTFET

LVT nGOTFET HVT nGOTFET
Region Material Doping cm® Material Doping cm
Source Si,,Gey o 1020 p+ Sij,Gey g 1020 n+
Channel undoped Si - Sij,Gey g 5%10'7 p
Drain Si 10 n+ Siy,Gey s 5x107 p
Gate Al - Mo
TABLE 4.4
Device parameters of the LVT and HVT pGOTFET

LVT nGOTFET HVT nGOTFET
Region Material Doping cm Material Doping cm
Source Sig26Geg74 9%10* n Sij,Gey g 10% n*
Channel Sig26Gey 74 5x10'% p Siy,Geyg 5%x10"7 p
Drain Sig26Geg 4 5%10"% p Siy,Gey g 107 p
Gate TiN - TiSi,

I,-V¢ characteristics of the proposed LVT nGOTFET exhibit an /,, that is almost
double that of the LVT nMOSFET, while the /,; remains one order of magnitude
lower. Furthermore, 7, is greater in an optimized HVT nGOTFET than in an HVT
nMOSFET, although I, is at least an order of magnitude lower. The lower threshold
voltage V,,; and higher threshold voltage V,,, were extracted using the third derivative
method [24]. The first peaks at V;;=0.33 V and V;;=0.66 V define the V,, and V,, of
the nGOTFET, respectively, in Figure 4.9c. The reported LVT and HVT nGOTFETs
have SS of 25 mV/dec and 20 mV/dec, respectively, which are much lower than the
SS of most TFETs reported in the literature.

Similarly, LVT and HVT pGOTFET have been designed with the parameters
listed in Table 4.4. TiN and TiSi2 were found to have the best DC characteristics
for LVT and HVT pGOTFET, respectively, out of all the available gate materials
in synopsys® TCAD tools. As shown in Figure 4.10, the I, of the proposed LVT
pGOTFET is about twice as high as the LVT pMOSFET, while I, is still at least an
order of magnitude lower than the [, of the LVT pMOSFET. Also, I, is higher in
an optimized HVT pGOTFET than in a pMOSFET, but 1, is still at least an order
of magnitude lower than in an HVT pMOSFET at the same technology node. The
third-order derivative method was used to get the LVT and HVT pGOTFET thresh-
old voltages of V,, =0.36V and V,,, =0.62 V, respectively. The SS of the proposed
LVT and HVT pGOTFETs is 50 mV/dec and 33 mV/dec, respectively, as shown in
Figure 4.10.
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TABLE 4.5
Parameters of dual-threshold nGOTFETs and p GOTFETs

LVT and HVT nGOTFET LVT and HVT pGOTFET
Region Material Doping cm Material Doping cm*
Source SiysGeg o, 1020 P+ Si5Ge 4, 1020 p+
Channel Si 105 n SiLGe 4, -
Drain Si 10?0 n* Si,sGe 5, 10'¥ N
Front Gate TiSi2 - TiSi, -
Back Gate Al - TiN -

4.3.3 PROPOSED DUAL-THRESHOLD GOTFETS IN THE SAME DEVICE

The most exciting feature of the proposed GOTFET is that, by changing the material
and doping parameters as listed in Table 4.5, we can get the optimal performance of
LVT and HVT pGOTFETs in the same device instead of dedicated devices. These
structures have been optimized such that LVT characteristics obtained V; = V,/3
by providing the front and back terminals with higher bias (V3= Vgg= V;e=1 V).
At the same time, HVT characteristics were obtained by V,, = 2V,,/3, with the
front gate having a higher bias and the back gate connected to the source terminals.
Figure 4.11a depicts the 7,,-V properties of LVT and HVT nGOTFETs acquired
from a non-local BtB generation model with an increasing V. For the proposed
nGOTFETs, the lower V,,, _0.36 V and the higher V,,,= 0.6 V were derived using the
third derivative approach [5], as shown in Figure 4.11b. Figure 4.11c shows how the
IV characteristics of LVT and HVT pGOTFETs change as the V. The proposed
pGOTFET has a lower V,,, of about 0.32 V and a higher V,,,, of about 0.6 V, as shown
in Figure 4.11d.

hn

4.3.4 IMPLEMENTATION OF NTI, PTI, AND STI TERNARY LOGIC CELLS

The primary logic cells in ternary logic applications are negative ternary inverter
(NTI), positive ternary inverter (PTI), and standard ternary inverter (STI). This
subsection benchmarks the characteristics of complementary GOTFET (CGOT)
based NTI, PTI, and STI cells with CMOS-based cells at a 45 nm technology node.
Figure 4.12 shows the schematics of the NTI, PTI and STI logic cells. The perfor-
mance of the CGOT-based NTI logic cell has been benchmarked with a CMOS NTI
cell at 45 nm technology using the industry-standard cadence EDA tool [32]. Figure
4.13 shows the NTT logic cell simulation results using the cadence EDA tool.

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 4.6. Similar
to the NTT cells, the performance of a CGOT vs. CMOS PTI logic cell has been
shown in Figures 4.14a, 4.14b, and 4.14c at the 45 nm technology node. The average
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FIGURE 4.12 Schematics of the LVT and HVT CGOT (a) NTI, (b) PTI, and (c) STI cells
with 100 kQ <R<100 MQ

static power consumed in CGOT PTI is 0.041 pW, significantly lower than the CMOS
PTI, which consumes 22.60 pW, highlighted in Table 4.7.

The PDP of the CGOT PTI is 0.31x10-23 J, which is only 0.11% of the PDP of
standard 45 nm CMOS PTI cells (293.8x10-23 J). The overall decrement in PDP
owing to the proposed CGOT PTTI logic cell is 99.89%. The average delay in CGOT
STTI 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 Figure 4.15 and highlighted in Table 4.8.
The PDP of CGOT STI is 9.7x10-24 J, which is only 0.00014% of the PDP of stan-
dard 45 nm CMOS STI cells (7.15x10—18 J). The overall decrement in PDP owing to
the proposed CGOT STI logic cell is 99.9999%.

4.4 DOUBLE GATE LINE-TUNNELING FETS
(DGLTFET) FOR ANALOG APPLICATIONS

4.4.1 PROPOSED DGLTFET STRUCTURES

Earlier, GOTFET was proposed for digital applications, which are unsuitable for
analog applications due to poor drain saturation characteristics affecting the output
resistance r,. A new device, DGLTFET, has been proposed to improve the satura-
tion characteristics, whose schematic is shown in Figure 4.16. This device has an
ep-layer sandwiched between the oxide layer and the source region. This leads to
flatter saturation characteristics, resulting in increased r, that leads to improved
A,,=g,", crucial for analog operation. Device parameters, doping concentrations,
and gate materials of n and p DGLTFET devices are listed in Table 4.9. We have
calibrated the simulation deck of the DFLTFET with a previously published experi-
mental work. Figure 4.17 shows the I,,-V¢ characteristics of the simulated device
with experimental work [25].

4.4.2 CHARACTERISTICS OF THE PROPOSED GOTFETS

Figure 4.18 shows the 7,,-V characteristics of the nDGLTFET at V,,3 = 1 V using
the non-local BtB tunneling model. At Vo=V, =1V, I,=1090 yA/um, which is
more than three times the /,, of the MOSFET at the 45 nm technology node. In these
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FIGURE 4.13 Static power consumption of (a) CGOT and (b) CMOS NTTI cells. (c)
Comparison of the delay characteristics of CGOT vs. CMOS NTI cell
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TABLE 4.6
GOTFET and CMOS-based NTI cell delay and static
power consumption comparison

Circuit parameter Units GOTFET CMOS
Powersupply Vp, \Y% 1 1
Average Delay ns 0.09 0.11
Average static power P pW 0.174 73.7
PDP (*1023%) J 1.57 810.7
Decrease in PDP 99.81%

devices, point tunneling occurs at lower voltages from the source to the channel
region; at higher bias, line tunneling dominates from the source region to the epi-
layer region. Point tunneling and line tunneling result in higher /,, which is 2.5 times
higher than MOSFETSs, as shown in Figure 4.18. As gate-overlapping length on the
source side increases (L,,), vertical BtB tunneling increases, which improves /,, and
g, however, this affects the rise of C (decreases BW), so we need to optimize the
L,, according to the applications. Figure 4.19a shows the output characteristics of the
nDGLTFET device for different gate biases. Saturation characteristics are explained
by electron density on the surface of the epi-layer. For a given gate bias, as drain
bias increases, electron density initially decreases; after a particular drain bias, it is
constant, which we call V(sar) [31].

Analog performance has improved with epi-layer doping (n,,) and thickness (,,).
The tunneling width between the source’s valence band and the epi-layer conduction
band decreases with reducing the ¢,,, which improves the g,. As changing the 7,
tunneling width remains constant between the epi-layer and source region as drain
bias changes, so r, remains constant, as shown in Figure 4.19a.

Asn,, increases, the electric field increases, which enhances the BtB tunneling
and improves the g,. As n,, increases, the onset of saturation increases with drain
bias, reducing the r,, as shown in Figure 4.20 [30]. Quantum confinement severely
affects lower technology nodes. We observed that threshold voltage shifts in 150
mv in DGLTFET structure with and without field-induced quantum confinement
(FIQC) as observed in the 1,,-V;¢ characteristics in Figure 4.21 [28].

Figure 4.22 depicts an analysis of the output resistances for various V| values
for the n and p DGLTFET and MOSFET. In extreme saturation, the nDGLTFET’s r,
is at least two orders of magnitude more than the MOSFET. Due to the larger g,, and
improved saturation characteristics, the intrinsic gain g,,r, in DGLTFET devices is
almost two orders of magnitude more than in MOSFET devices. Due to the greater
g,, at lower gate biases (V,), f; is higher in DGLTFET. However, gate capacitance
dominates at higher gate biases V;¢ resulting in f; being lower in DGLTFET relative
to MOSFET. The gate capacitances C,g and Cg;,, are extracted by the AC analysis
in TCAD. Fs 4.23a and 23D illustrate the gate capacitance C;s and C), for various
values of V.



Novel gate-overlap tunnel FETs 97

1 1.4
""""" +—1.28
- Vour HA 1.2
08{ ~Ip :
CGOT PTI L1.0
S 0.6 0.8 5
5 e T
> 041 : E
0.4
0213 63 fA "
0
0 0.2 1
(a)
|
~ Vour 0.15
0g] ~Io
g 0.6 1 Lo.10 2.
2 5
> 0.4 4 §
F0.05
92143.05 pA
/ T + 0.00
0 0.2 .
(b) Vix (V)
1.59 _ Vin
— Vour CGOT
— Vour CMOS PTI
1
> 2.15 ns ﬁzs 4050s|| 4.18 ns
A w
S 2.17
> 05 ns 4.2 ns
0
0 1 2 3 4 5 6
©) Time (ns)

FIGURE 4.14 Static power consumption of (a) CGOT and (b) CMOS PTI cells. (c)
Comparison of the delay characteristics of CGOT vs. CMOS PTI cell



98 Device circuit co-design issues in FETs

TABLE 4.7
GOTFET and CMOS-based PTI cell delay and static
power consumption comparison

Circuit parameter Units GOTFET CMOS
Powersupply Vi, v 1 1
Average Delay ns 0.075 0.13
Average static power P pW 0.041 22.6
PDP (*10%3%) J 0.31 293.8
Decrease in PDP 99.89%
l —
| + 4,015 ns +6.005 ns
054 Vin(V)
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FIGURE 4.15 CGOT vs. CMOS STI cells delay and power characteristics comparison

4.4.3 ANALOG APPLICATIONS OF THE LINE-TUNNELING TFETS

Earlier sections explained the device characteristics of both n and p DGLTFET
devices. This section also discusses the performance of the analog circuits designed
using these devices. Figure 4.24 shows the schematics of resistive load and cascade
configuration of the CS amplifier-based DGLTFET device. Figure 4.25 depicts
the voltage transfer characteristics (VTC) of V. vs. V;, and the differential gain
av,/dv, vs. V, on the same graph. It demonstrates that the transition slope of the
DGLTFET-based CS amplifier is much steeper than that of the CMOS-based CS
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TABLE 4.8
GOTFET and CMOS-based STI cell delay and
static power consumption comparison

Circuit parameter Units  GOTFET CMOS
Powersupply V, \Y 1 1
Average Delay ns 0.037 0.114
Average static power P pW 0.262 62750
PDP (*1023) J 0.97 715350
Decrease in PDP 99.99%

Vas (Front Gate)

Vbs

Vas (Back Gate)

FIGURE 4.16 (a) Schematic cross-sectional view of the proposed DGLTFET device. (1) p+
Si0.5Ge0.5 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

amplifier. Due to higher r, and g,,, the gain of the DGLTFET-based CS amplifier
is three times as high as the gain of the CMOS-based CS amplifier, which can be
observed in Figure 4.26.

A comparison of the circuit performance of both CS amplifier configurations is
indicated in Table 4.10. The unity-gain BW of the DGLTFET-based CS amplifier
with resistive load is 806 GHz and 16.98 GHz without load and with a capacitive load
CL 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.
Furthermore, the unity-gain BW of the DGLTFET-based cascode load CS amplifier
is 71 GHz without load and 15 GHz with capacitive load C, =10 fF, compared to the
unity-gain BW of 23 GHz (without load) and 10 GHz (with the same 10-fF capacitive
load) of the MOSFET-based CS amplifier [36].

Figure 4.27 depicts the circuitry of the DGLTFET-based single-stage and cascode
current mirrors. The circuits were co-simulated using identical circuits constructed
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TABLE 4.9

Parameters of the DGLTFET devices

Parameter Units nDGLTFET pDGLTFET
Channel length nm 45 45
Source length nm 50 50
Drain length nm 40 40
Gate length nm 65 65
Gate oxide thickness nm 3 3
Channel thickness nm 10 10
Epi-layer thickness nm 3 3
Gate-source overlap nm 20 20
Spacer length nm 30 30
Source doping /em3 2x10% p* SiGe 2x10% n* Si
Channel doping /em3 10" p Si 10" n Si
Drain doping /em3 2x10%° n* Si 5x10" p* Si
Epi-layer doping /em3 2x10% n* Si 2x10" p* SiGe
Gate material - Al Poly Zn

using 45-nm CMOS transistors. Reference current 7, has been used in DGLTFET
and MOSFET devices using R,,, = 5 k€ and 2.5 kQ, respectively. Similarly, R,
=5 kQ and 2.5 kQ have been used for cascode current mirrors for biasing the
same [, In conventional MOSFETSs, the channel length modulation effect is high
at lower technology nodes which significantly degrades the R, of current mirror
circuits. However, In DGLTFET devices, its effect is minimal. We observed three

times higher R, in DGLTFET-based simple current mirror circuits compared to the
CMOS technology node.
10-6 3 Measurement [32] 2.0
®  Simulation
1074
ElTS -
107 4
< 3
z 1073 3
i B
10-10 1 e
10" 5
10"
0

Ves V)

FIGURE 4.17 Calibration of the simulation deck with the I;,-V¢ characteristics measured
from a prefabricated device at Vpg=2.5 V [25]
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FIGURE 4.24 Schematics of the CS amplifier in resistive load and cascode variants
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TABLE 4.10
Comparison of the DGLTFET with the equivalent MOSFET for the resistive
load and cascode CS amplifiers

Parameter Units nDGLTFET MOSFET
Ly HA 100 100
channel length L nm 45 45
In voltage Vin uVv 100 100
In voltage Vin uV 4 4
Unity-gain frequency f; MHz 5 5
Resistive load CS amplifier

Width W um 1 1
Resistive load R kOhm 5 5
Output voltage V mV 1 0.506
Intrinsic gain A, dB 15.56 8.254
Unity-gain frequency f; GHz 16.98 8.15
3dB bandwidth f; 5 kHz 7.7 120
Cascode load CS amplifier

Width Wp um 1 1
Width Wn um 1 1
Cascode bias Vi, v 0.5 0.4
Output voltage V mV 17.5 0.623
Gain A, dB 44.7 15.95
Unity-gain frequency Ft GHz 15 10

As observed from Figure 4.28, I, is more dependent on V,,, in MOSFET-based
current mirror circuits, but DGLTFET-based current mirror circuit /,, is more
independent of V.. The R, of the DGLTFET-based cascade current mirror circuit
is two orders of improvement than that of simple current mirror circuits and five
orders higher than the MOSFET-based cascade current mirror circuit. As a result
of DGLTFET’s lower V,, the smaller value of V,, at which the current saturates is

out

substantially lower in DGLTFET-based current mirror circuits than in CMOS.

Vbp
100 pA
= Vout
VDD Rref llref
100 'LLA Vout

Irﬁfl RTef
re |
| &

Vi

e
FIGURE 4.27 Schematics of the (a) single-stage and (b) cascode current mirror
configurations
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As a further extension, we have designed complex circuits like op-amp for unity-
gain frequency f-=5 MHz at V,,,=1 V. The circuit performance is benchmarked with
the same circuit designed using CMOS technology at a 45 nm technology node. In
Figure 4.29, the nDGLTFETs T, and T, of the first stage act as input transistors for
reaching the greater g,,, while the pPDGLTFETSs T and T, function as current mirror
loads. T, and Ty are DGLTFETs that make up the second-stage CS amplifier. Table
4.11 demonstrates that the gain of the DGLTFET-based two-stage op-amp is 26 dB
more than that of the MOSFET-based op-amp for the same f; Due to the better
saturation zone attributes of the p-type DGLTFET-based current mirror load and the
larger g,, of the input n-type DGLTFET transistors, as seen in Figure 4.30, the dif-
ferential gain of the DGLTFET op-amp is more than six times that of the MOSFET-
based op-amp. In addition, the common-mode gain of the DGLTFET is roughly 6
dB less than that of the MOSFET, owing to the greater output resistance of its cur-
rent mirror-based tail current source. The common-mode rejection ratio (CMRR) of
the op-amp observed with DGLTFET devices is 23.5 dB (15 times) greater than the
equivalent CMOS circuit, principally due to the larger differential gain and lower
common-mode gain of the first stage.
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FIGURE 4.29 Schematic of a two-stage DGLTFET-based operational amplifier

TABLE 4.11
Comparison of two-stage op-amp designed with DGLTFET and the
equivalent MOSFET for f; =5MHz

Parameter Units nDGLTFET MOSFET
Bias current /,,, UA 30 30
Channel length L nm 45 45
Load capacitance C, pF 10 10
Comp capacitance C pF 4 4
Unity-gain frequency f; MHz 5 5
Gain V,,/V, dB 57 31
Differential gain V/V, dB 30 13.5
Common-mode gain dB 27 -20
CMRR dB 51 335
Phase margin (PM) degree 76 62
3dB bandwidth f; 4 kHz 7.7 120

4.4.4 VERTICAL LTFET DEVICES FOR ANALOG CIRCUIT APPLICATIONS

Vertically grown TFETS are preferable because they allow more TFETS to be placed
on a single chip, which increases the number of devices on the chip [26, 33, 34]. In
this section, the VLTFET device has been proposed for analog circuit applications.
The influence of gate-to-source overlapping length L, on the device and circuit per-
formance has been studied and explained using physics.

Figure 4.31 shows the n-type VLTFET device structure and BtB tunneling rate
schematic. An epi-layer of n-type Si is inserted to sharpen the band profile between
the source and pocket [26], and its material parameters are shown in Table 4.12.
Regarding the device’s reliability, the source pocket with an intermediate mole frac-
tion, especially in contrast to the source and channel regions, makes the band profiles
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FIGURE 4.30 (a) Total gain A, of op-amp for f; = 5 MHz. (b) The differential A; and
common-mode (CM) gains A,,, of the op-amp differential stage for the overall f,, =5 MHz

sharper without the risk of junction breakdown. The SiGe source and Si epi-layer
improve device performance. The dynamic non-local path tunneling model was used
to capture the BtB generation at all the interfaces in the 2D numerical simulations
of the VLTFET device structure. In the early stages, the device was simulated with
the TCAD simulator’s default settings [26, 35]. Then, the parameters were adjusted
so that the final characteristics matched the experimental work published by [26].
Figure 4.32 shows how the results of the calibrated simulation deck match up with
the experimental work.

Figure 4.33 shows the transfer characteristics when L,,=30 nm. /,,is found tobe 7,
=24 pA/pm for V=1V and I,,,= 5 pA/pm for V3= 0V when V=1 V. The third
derivative method is used to find the threshold voltage. The first peak of 9 *I,/0V344
for Vs =1V gives V,,~0.4 V. In these devices, vertical tunneling dominates, which
is electrons are tunneling from VB of p* source to CB of n* epi-layer due to a high
electric field along F,. Soft saturation is part of the 1,,-V,,s characteristics between
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FIGURE 4.31 (a) Schematic cross-sectional view (1) Si substrate, (2) SOIL, (3) p+ SiGe
source, (4) n+ Si epitaxial layer, (5) i-SiGe pocket, (6) i-Si channel, (7) n+ Si drain, (8) HfO2
gate oxide, and (9) TiN metal gate. (b) Electron BtB tunneling rate of nVLTFET device

0< (V4-V) < Vi Deep saturation happens between V, < V(< V), where Vg loses
control of the carrier density, as shown in Figure 4.34 [30, 31]. As a result, the car-
rier density remains the same. At first, as Vg increases for a given value of V, the
electron density in the epi-layer over the source region decreases. As shown in Figure
4.35a, increasing V, has no effect on the electron density after a certain V. Figure
4.35b shows that V ;s does not affect the surface potential near the source region after
saturation.

Figure 4.36 shows the effect of temperature on these devices. As observed,
an increase in temperature reduces the bandgap, affecting tunneling probability.
Therefore, BtB generation increases, leading to increasing currents. Due to FIQC
observing that shift in the V|, which affects reduction in 7,

After saturation, tunneling length W, (Figure 4.38a) stays constant at its mini-
mum. Because V), has less influence on /,, after saturation, r, is on the order of
100 MQ/um, as illustrated in Figure 4.38b for various V biases. Increasing the L,
increases the vertical BtB tunneling owing to the increase in tunneling cross-section,
resulting in arise in / ,, as seen in Figure 4.39 [29]. Increased [, significantly affects
the g,,, as observed in Figure 4.40a. The drain bias has an insignificant influence on
the 7, with L,,. Moreover, the r, is very high and almost constant, as shown in Figure
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TABLE 4.12
Parameters of the n and p VLTFET devices
Parameter Units nDGLTFET pDGLTFET
Channel length nm 20 20
Source length nm 1000 1000
Drain length nm 30 30
Gate length nm 20 20
Pocket length nm 30 30
Gate oxide thickness nm 2 2
Channel thickness nm 15 15
Epi-layer thickness nm 3 3
Gate-source overlap nm 30 30
Pocket length nm 20 20
Source doping /em3 2x10% p* Si,sGe 5 2x10% n* Si
Pocket doping /em3 10181, 75Ge 5 100 iSi,;5Ge 5
Channel doping /em3 1016 Si 10'0 Si
Drain doping /em3 5%10" n* Si 5%10" p* Si
Epi-layer doping /em3 5%10'8 n* Si 5x10' p* Si; sGe 5
Gate material - TiN Ag
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FIGURE 4.32 Simulation model calibration using a prefabricated device at V,4=0.5 V [26]
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4.40b. A,, can be enhanced in these devices by increasing L, since g,, improves with
L,, and r, is constant, as shown in Figure 4.41.
4.4.5 ANALOG CIRCUIT DESIGN USING VERTICAL LTFET DEVICES

In Table 4.13, the impact of L, on the analog performance characteristics of VLTFETs
is summarized and compared to those of MOSFETs with gate length L. The earlier
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section explained the effect of L, on analog performance in VLTFET devices. This
section explains the impact of L,, on analog circuits. P-channel VLTFET device
used as a current source load with fixed V,,,. The pVLTFET has equal, opposite
doping concentrations with comparable dimensions to the nVLTFET, except for the
materials and properties summarized in Table 4.1 and its characteristics in Figure
4.37 [37].
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FIGURE 4.36 Effect of temperature on the VLTFET characteristics

First, we design a CS amplifier with L,,=30 nm with n and p VLTFET devices.
For all the analyses, the DC output voltage (operating voltage) of the CS amplifier
is set to V), /2. Under no-load circumstances, the voltage gains A, and unity-gain
bandwidth f; of the CS amplifier are measured to be 45 dB and 34 MHz, respec-
tively. Subsequently, the VLTFET’s L,, is raised to 100 nm without affecting
other parameters. This yields A, = 52 dB and f; = 81 MHz, as g,, rises by three
times, as observed in Figure 4.42. In CMOS circuits, the gain has been improved
with the width (W) parameter owing to the g, increase, however, which affects
the r,. However, in VLTFET devices, the gain has been improved with the L,
parameter without affecting the r,. In addition to W, we can improve the gain
with L,, parameter in VLTFET devices. Figure 4.42 shows that the percentage
increase in the gain of CS amplifier is high since increasing L,,, which improves
g,, without affecting r, [37].

In addition, with the CS amplifier, we developed the cascode current mirror
circuit with a reference current of 7, ,=1 A. In typical CMOS systems, the channel
length modulation effect is more pronounced at lower technology nodes, dimin-
ishing the R,,,. The source-gate overlap predominantly affects /,, in VLTFETs.
Therefore the impact of channel length modulation is insignificant. Figure 4.43
demonstrates that 1, is constant and irrespective of V. Consequently, as illus-
trated in Figure 4.44, R, transcends several MQ and achieves a maximum of
10" Q, leading to the perfect current mirror/source functioning. In addition,
extending the L,, from 30 nm to 100 nm enhances the R, by a factor of ten for
the same V_ [37].

out
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out
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4.5 SUMMARY

This chapter explains the various gate-overlap tunnel field-effect transistors
(GOTFETs) for digital, ternary, and analog circuits. Their performance has been
benchmarked with industry-standard 45 nm CMOS technology. In this chapter, the
14 of the GOTFETs suggested for ultra-low-power circuits is at least one order of
magnitude lower. In addition, /,, exceeds double that of a typical MOSFET of equal
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size at the same 45 nm technology node. Higher /,, makes the circuits more robust
and improves performance, whereas a lower [, significantly reduces static (leakage)
power dissipation. This chapter also introduces LVT and HVT GOTFET devices for
ultra-low-power ternary logic circuits since enhancing the GOTFETSs’ performance
in digital circuits. To the best of our knowledge, for the first time, innovative low and
high-threshold GOTFET devices have been reported for ternary logic applications.
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These devices are designed so that the low and high-threshold voltages (LVT and
HVT) are Vp/3 and 2V/3, respectively. The most exciting feature of the pro-
posed GOTFET is that, in the same device structure, just by changing the mate-
rial and doping parameters, we can get the optimal performance of LVT and HVT
GOTFETs. The LVT and HVT GOTFET devices described in this chapter have 7
that is at least one order of magnitude less than that of the MOSFET, while 7, is
nearly double that of the MOSFET at the same technology node. Higher 7, speeds
up the operation of ternary logic circuits, whereas lower I, significantly reduces
static power consumption. This work also shows dual-threshold GOTFETs that can
be both LVT and HVT by changing their terminals connections in the same device
instead of using two separate devices.

This chapter extended this work to analog circuits. Due to the epi-layer between
the source and oxide layer, the proposed LTFET exhibited excellent drain current
saturation characteristics. The DGLTFET presented in this chapter for analog
circuits has about three times the /,, and at least one order lower /, than a stan-
dard MOSFET of the same size at the same technology node. Owing to its higher
g,, and r,, the intrinsic gain of a DGLTFET is much higher than a MOSFET or
other traditional TFET. The design of multiple standard analog circuit designs,
viz., CS amplifier, current mirror, and an op-amp using the proposed DGLTFET
devices. For the same bias currents, the DGLTFET-based CS amplifier has three
times the gain of a MOSFET-based amplifier. Because the DGLTFET does not
have much channel length modulation effect, its current mirror circuits have bet-
ter /,,, saturation characteristics than those based on MOSFETs. Vertical FETs
are preferred because significantly more transistors can be placed on a single

chip. This chapter further described VLTFET devices at 20 technology nodes
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and explained L,, impact on the analog device and circuit performance. As L,,
increased, /,, increased linearly, which improved g,, linearly. In addition, these
devices are insignificant, affected by drain bias for BtB generation. Due to this,
r, was observed to be very high, significantly improving the gain. We observed

a significant increase in gain in the CS amplifier by changing the L, parameter
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over the width. Also, we observed that Rout improved in the cascode current
mirror circuit using these devices. We concluded that L, plays a significant role
in addition to width in analog circuits.

TABLE 4.13

Analytical overview of the relationship
between MOSFET and VLTFET analog
performance on device parameters

Parameters VLTFET MOSFET
I WxXLoy WiLg
&m WxLoy W/Lg

r, /W LYW

Ay L Lg

ov
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5.1 INTRODUCTION

The rapid growth of AI/ML-based implantable, wearable, and portable electronic
devices has kept the spotlight on ultra-low-power electronics advancements using
emerging materials, devices, circuits, and architectures. Dimensional scaling and
the never-ending progress of modern technology have sparked a plethora of explor-
atory computing and data storage studies. Several device architectures are being
investigated to enable ultra-low-power electronics circuit operation using sub-60 mV/
decade (sub-kT/q) switching [1-3]. For a few decades, the most researched steep
switching devices have been tunnel FET (TFET) [4], negative capacitance FET
(NCFET) [5], and hyper/phase FET [6—8]. To provide steep switching characteris-
tics, TFETs use quantum tunneling modulation through a barrier. However, when
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designing TFETS, it is difficult to achieve the same ON current in n-type and p-type
tunnel FETs. In contrast to a TFET, an NCFET enables sub-60 mV/decade switch-
ing by employing the ferroelectric materials as a sandwiched layer between the gate
metal and gate oxide in conventional MOSFETs. Because of the ferroelectric’s nega-
tive capacitance, a voltage amplification action is performed, resulting in a lower
subthreshold swing and a greater ON current (Iy). The voltage step-up action, on
the other hand, is followed by an increased gate capacitance, which may negate the
advantages of higher Iy. One such family of materials that promotes dimensional
scaling at lower technology nodes is known as “phase transition/correlated/threshold
switching materials” (PTM). The unique property of abruptly switching from insula-
tor to metal or metal to insulator upon triggering from stimuli (electrical, thermal,
pressure, strain, optical) in these materials helps in achieving sub-60 mV/decade
(sub-KT/q) switching in emerging devices (hyper FET/phase FET). Phase transition
in the PTM family can occur due to a variety of physical processes such as fila-
mentary ion diffusion, dimerization, electron-electron correlation, and so on. These
materials’ unique electrical properties can be used to build innovative logic/memory
devices and circuits for next-generation electronics. Hyper/phase FET achieves steep
switching by utilizing the property of insulator-to-metal transitions on the electrical
triggering of an augmented PTM [9]. Transistor switching is aided by the PTM’s
abrupt current-driven switching from the insulating to the metallic state and vice
versa. As a hysteretic device, however, it creates a complicated design space for low-
power electronics applications.

This chapter begins in Section 5.2 by discussing the material perspective of PTMs,
their history, theory, physical mechanisms behind the transition, and key features
needed for low-power steep switching. Section 5.3 discusses emerging applications
of these materials in low-power steep switching, digital circuits, memory design-
ing, non-Boolean computing (coupled oscillatory dynamical systems, neuromorphic
computing, and in-memory computing), and other novel circuit applications. Several
novel concepts, methods, and device-circuit co-design frameworks for using PTMs
in the design of low-power logic and memory applications are also discussed in this
section. We also give an insight into the use of phase transition materials in hybrid
devices like 2D MoS,, negative capacitance-based phase FET, hybrid phase change-
tunnel FET, etc. for achieving ultra-low steep switching devices. Section 5.4 con-
cludes the chapter, followed by the future scope for PTMs in low-power electronics
in Section 5.5.

5.2 PHASE TRANSITION MATERIAL PERSPECTIVE

PTMs are from transition metal oxide families and show an abrupt change in resis-
tivity upon a trigger from stimuli []. Electrical [10-12], thermal [13], mechanical
(pressure, strain) [14, 15], and optical stimuli [16] cause PTMs to exhibit sudden
changes in resistance due to insulator-metal and metal-insulator transitions. It has
been suggested by various researchers that transition in the PTM family occurs due
to various physical processes. Some material exhibits transition due to filamentary
ion diffusion [6, 19], while some follow electron-electron correlation [17, 18]-based
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transition or transition using dimerization [20]. Materials with a broad range of
hysteresis, thermal stability, and resistivity are found in the PTM family [40—-43]
(e.g. VO,, V,0,, V,0,, TiO, Ti,0;, SmNiO;, Cu-doped HfO,, doped chalcogenide,
NbO,, etc.). Furthermore, new PTMs are being thoroughly investigated, and inno-
vative ways to tailor their properties, such as strain, have been revealed [44]. Such
approaches and a large range of PTMs show promise in terms of down-selecting and
optimizing PTMs for specific applications. Note that materials with strongly corre-
lated electrons undergo similar transitions and are referred to as “correlated materi-
als” (CM) [45, 46]. Transition threshold values separate the high and low resistance
states of all these transitioning materials.

5.2.1 THEORIES BEHIND MIT IN PTM

In literature, metal-insulator transition (MIT) in PTM is explained by various theo-
ries, namely, Mott-MIT, Peierls-MIT, and Anderson-MIT. Conventional band theory
(e.g. Bloch-Wilson insulator or band insulator) did not predict the carrier enhance-
ment in the PTM materials. Mott’s theory [22] suggests that the effect of the elec-
tron-electron interactions plays a vital role in a phase transition. It mathematically
stated that in a PTM, MIT occurs when the electron carrier density (n) is greater
than the critical carrier density (n,) and provides the relation between Bohr radius ay

and n,: n!*ay = 0.2. PTMs that follow Mott’s theory are known as Mott-Hubbard or
Mott-MIT insulators. MIT phenomenon occurring through electron-lattice or elec-
tron-phonon interaction is known as Peierls-MIT [23]. PTMs falling in this mecha-
nism undergo lattice structural changes accompanied by conductivity changes. In
the 1950s, Anderson [24] discovered that crystal lattice defects result in the insulat-
ing state in PTMs, and PTMs following this mechanism are called Anderson-MIT.

5.2.2 CONTROLLING PARAMETERS FOR MIT IN PTM

PTM can also be classified in terms of triggering parameters, i.e. control of metal-
to-insulator transitions. The most discussed case is temperature controlling, where,
by varying the temperature i.e. (heating/cooling), MIT is triggered; see Figure 5.1.
Second is bandwidth controlling where triggering with internal and external pres-
sure in material MIT occurs. For example, using substitutional doping with differ-
ent-sized atom pressure can be exerted in materials like RNiO; (R = Pr, Nd, and Sm).
The third is the band-filling control whereby changing the doping level either with
acceptor or donor MIT can be triggered, e.g. with manganites and cuprates. Also,
there are some PTMs where any two or all three triggering parameters control MIT.
Bandwidth or temperature can be used to control transition in RNiO3-type PTMs.

5.2.3 SPECIAL FOCUS ON VO, AS PTM

There are certain materials like vanadium oxides where the primary physical mecha-
nism is still debatable. A thin film of VO, showcases a four-fold change in resistance
upon triggering from electrical stimuli followed by band structure changes. Its MIT
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FIGURE 5.1 Generalized resistance transitions from insulator to metal (IMT) or metal-to-
insulator (MIT) profile by various triggering, especially electrical or temperature, that are
useful for low-power electronics

occurs in a temperature range of 341 K-344 K. It is shown in [25] that the structural
property of VO, also changes during MIT, i.e. the insulating structure (monoclinic
phase) changes to a metallic structure (rutile phase). During insulator to metal tran-
sition, the 3d, band divided and formed filled lower energy (bonding band 3d,) and
empty higher energy (antibonding band 3d,"). The antibonding 3d_ * further moves
to higher energy. This results in a bandgap of about 0.6—0.7eV in VO,. Thus, the MIT
phenomenon in VO, raises the question of whether it is a Peierls or a Mott-Hubbard
insulator, i.e. structural-change-induced MIT or carrier-induced MIT. In 1975,
Zylbersztejn and Mott [26] suggested that VO, cannot be considered a Mott-Hubbard
insulator. Then, performing LDA calculations on a VO, monoclinic M1 structure,
Wentzcovitch et al. [27] in 1994, suggested that VO, is a band insulator with a semi-
metal nature and has a much fewer number of carriers. Later, Rice et al. [28] claimed
that VO, is a Mott-Hubbard insulator by performing a calculation on the M2 insulat-
ing phase rather than the M1 insulating phase considered by Wentzcovitch. Using
ultrafast spectroscopy on VO, and studying its structural properties, Cavalleri et
al. [29] stated that VO, is not a Mott-Hubbard insulator. Kim et al. [30] suggested
VO, is a Mott-Hubbard insulator using femtosecond pump-probe measurements in a
metallic rutile structure. Both theories have been accepted in the literature, and both
should be considered while designing PTM-based devices, especially VO,. There
has also been debate about which controlling mechanism transition happens in VO,:
temperature-assisted electrical transition or electric field-assisted electrical transi-
tion. While some demonstrate that temperature [31] is the primary factor, others
believe that electric-field-driven transitions [32] play a crucial role. Yang et al. [33]
draw the conclusion that electric-field-assisted switching is more dominant and that
Joule heating may not be adequate for MIT.
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The hypothesis put forth by the authors states that a particular threshold volt-
age, which is said to be temperature-dependent, is needed for phase transitions. The
PTM is divided into two categories in the literature [34, 35]: electronic-driven PTM
(E-IMT) and thermally driven PTM (T-IMT), and both are analyzed. The develop-
ment of a compact model or SPICE for using PTM in low-power electronics is still
hampered by the lack of understanding of physics. But for low-power electronics
at nanoscale dimensions, electric-driven transitions are more dominating than tem-
perature-driven, and many models developed in recent years have considered both
thermal- and electric-driven transitions [36-39].

VO, as PTM has gained the advantage because it can transition near room tem-
perature and gels well with the CMOS VLSI fabrication process flow. In VO,, the
phase transition happens at incredibly quick timescales. The phase transition time
constants in VO, have been measured experimentally using 4-D ultrafast electron
microscopy, pulsed voltage measurements optical pump probes, time-resolved X-ray
diffraction, and terahertz spectroscopy. The timescale of the phase transition is
typically at the level of picoseconds or faster, with the exception of pulsed voltage
measurements, which may be constrained by the instrumentation’s resolution. An
intriguing possibility of building an ultrafast switch emerges because the MIT can
be activated at sub-picosecond timescales. In addition, due to electrical triggering,
PTM has been used in high-performance logic. Hysteresis, which frequently follows
a structural transition, produces intriguing candidates for memory devices. To put it
another way, the dynamics of the transition could be used to make artificially struc-
tured materials with electrically tunable nanoscale metallic and dielectric states. The
oscillatory behavior in PTM can be used for nano-oscillators for neuromorphic com-
puting (discussed later) [47, 48].

5.2.4 WORKING OF PTM

The electrical characteristics of these materials, regardless of the underlying physical
phenomenon, can be behaviorally generalized as follows. PTM occurs in two phases:
insulator and metal, with the metallic phase’s resistance (Ryzr) typically being four
times lower than the insulating phase’s resistance (Rys). The generalized current-
voltage (I-V) response and device geometry for a typical PTM are shown in Figure
5.2. In Figure 5.2(a), the width, length, and thickness of the PTM are Wy, Ly, and
Tpry respectively. As seen in Figure 5.2(b), when there is no electrical stimulation,
PTMs stay in the insulating state. Insulator-to-metal transition (IMT) occurs when a
sufficiently high current (I ;) (or voltage V yr) flows through (applied across) the
material. Conversely, metal-to-insulator transition (MIT) is triggered when current/
voltage is reduced below a certain level (I vyt Or Ve ). Due to the results of differ-
ent transitions, these materials result in hysteretic characteristics. IMT and MIT occur
abruptly (but not instantaneously) [49-51]. The resistivity of metal (p ygr), insulat-
ing states (p ys), and the critical current density for IMT (Jo ) and MIT transitions
(Jemim) are device/geometry-independent material properties. As illustrated below, the
device-specific parameters (I Ievim Ryer and Ryyg) can be represented in terms
of material-level parameters (and geometric dimensions).
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FIGURE 5.2 (a) Two-terminal PTM general structure and (b) its generalized I-V
characteristics
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It’s worth noting that some materials, particularly those with filamentary conduction
[52], may not have a linear relationship between resistance and area (Appy = Wprm
*Tpryy Similarly, the resistance and length (Lpry) relationship may be nonlinear.
The effective resistivities, p ypr and p g, are defined as Riyg (Aprms Lprv) *Aprn/
Loy and Ry (Aprvs Lpra) *Aprm/Lorus respectively, for such materials with a com-
plicated dependency of the resistance on the geometry. R ygmer (Aprms Lpry) 1S the
selector’s insulating/metallic resistances, which are non-linearly dependent on Apry,
and L, Effective resistivity, in general, can be a function of geometry and not
only a constant parameter, as can be seen. The voltage across the selector can also
influence resistivity. Furthermore, J;,,r and J ,;,r may be functions of the area due
to similar effects. Furthermore, some PTMs can have unipolar electrical properties
(responding simply to the positive or negative polarity of voltage). To conclude, the
electrical properties of PTMs are characterized by (a) abrupt transitions, (b) a high

resistance ratio, and (c) hysteresis.

5.3 APPLICATIONS OF PTM IN LOW-POWER ELECTRONICS

As discussed earlier, PTM behaves as an ultrafast switch and has oscillatory behavior
due to its abrupt switching behavior. As shown in Figure 5.3, this ultrafast switching
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FIGURE 5.3 Some application areas of PTM in low-power electronics

find benefits in various low-power applications including two- or three-terminal
devices, steep switching to harness power advantage in lower technology nodes,
low-power novel digital logic memory design, and non-Boolean computing archi-
tecture. The subsections that follow go over emerging phase transition-based elec-
tronic devices (Mott-FET), steep switching (Phase FET/hyper FET), logic switches,
memory, non-Boolean computing architectures, etc.

5.3.1 PTM AS TWO- OR THREE-TERMINAL ELECTRONIC DEVICES

Novel and low-power oxide electronics are made possible due to the potential to
electrically induce MIT in PTM-based two- or three-terminal device configura-
tions at or close to room temperature. Electric oscillations, abrupt resistance
transitions with voltage sweeping, and nonlinear S-shaped I-V curves were all
reported at the beginning of the 1970s, and these occurrences laid the ground-
work for the phenomenon of abrupt MIT switching behavior in two-terminal
PTMs, especially VO,. A number of simple switch devices based on the non-
linear I-V properties of VO, have also been demonstrated. Initially, the MIT
in VO, was not associated with electrical triggering (E-MIT); rather tempera-
ture-assisted triggering was explored. MIT can be caused by an electric field in
VO,, according to Stefanovich et al. [18], although some researchers believe that
current-assisted heating can trigger MIT. Using theoretical-based simulations, it
has been shown that Joule heating occurring due to current leakage cannot trig-
ger MIT [35]. Several groups have studied E-MIT [32, 53-56]. A three-terminal
Mott field effect transistor (Mott-FET) may be produced as a result of a field-
driven phase transition [57] and can offer important information about the physi-
cal mechanism of the transition. For a Mott-FET, the channel is made up of a
Mott insulator, and the channel switches between an insulating and metallic state
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through gate terminal control [58—62]. This mechanism may also have benefits
because a metallic channel can have much higher electron carrier concentrations.

5.3.2  STEEP SWITCHING

As transistor dimensions are shrinking, the difficulty to lower the subthreshold
swing [63] below the Boltzmann limit is a significant and long-standing problem.
As a result, a worldwide search is underway for an ideal switch that can overcome
Boltzmann’s limit and offer SS of less than 60mV per decade. The subthreshold
swing (SS), which is represented in the expressions in Equations 5.5-5.7, is the gate
voltage needed to shift the drain current by one order of magnitude; while a transis-
tor operates in the subthreshold region.

nm n

——
_ OVss :aVGS * 0Qs (5.5)
OlogigIps  Ops OlogiIps
m=14+Cir (5.6)
n=23% E (5.7)

q

In these equations, Vg represents the applied gate voltage, Ig is the subthreshold
region drain-to-source current, Cqy, and Cpgp is oxide and depletion region capaci-
tances. The body factor of a transistor is m, while the transport factor is n, which
quantifies the change in drain-to-source current with surface potential (¢ ) and rep-
resents the channel conduction process. Even if somehow Cy tends to infinity, the
subthreshold swing of a MOSFET cannot be scaled below 60mV/decade. There are
three ways to solve this problem; i) reducing the m factor, ii) reducing the n factor, or
(iii) reducing both the m and n factor.

Phase transition FET makes use of two-terminal resistive switching devices
(PTM) (e.g. Mott insulator, correlated materials) coupled with the existing FET to
achieve steep switching by reducing transport factor. The negative differential resis-
tance effect occurring due to volatile resistive switching is used within the PTM,
which, when coupled in series connection to the source or drain or gate of the base-
line device in PTFETs, decreases the leakage off-state current and achieves ultra-low
steep switching. In 2015, Shukla et al. [1] were the first to introduce the unique con-
cept of PTFET. VO, was used as a PTM in the PTFET. By connecting the VO, mate-
rial-based device [i.e. PTM] to the source contact of the FET, the PTFET is designed
and implemented (as shown in Figure 5.4(a)). The channel resistance is in an insulat-
ing state (high) when the PTFET is switched off because the external gate voltage is
not sufficient to induce MIT in PTM. The effective Vg and Vg of the FET are both
reduced by this PTM device. The PTFET channel starts conducting once the gate
biasing is increased, and this results in a decrease in the resistance. As a result, the
PTM device’s externally applied voltage is raised. When the external supply voltage
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FIGURE 5.4 Source-connected PTFET (a) device and its circuit equivalent with FinFET as
baseline transistor and (b) its generalized I, -Vg characteristics showing steep switching and
improved ON-to-OFF current ratio

to the PTM device exceeds the threshold potential (minimum voltage to turn on the
PTM), the resistance of the PTM drops quickly, causing the applied drain bias voltage
in the PTFET channel to drop. The off-state leakage current is reduced as a result of
the aforementioned operations, but the on-state drive current is maintained. Because
of the abrupt switching in VO,, steep switching characteristics can be acquired.
Figure 5.4(b) illustrates this concept. Shukla et al. show that the on-to-off current ratio
of n-type and p-type PTFET transistors is increased by 20% and 60%, respectively,
in their work with comparison to baseline FET. In 2016, Frougier et al. [9] introduced
monolithically integrated PTFET using VO, after the emergence of PTFET with fab-
rication steps. VO, was formed on the baseline device’s source contact, utilizing DC
sputtering in this study. At 300 K, the on-to-off current ratio was enhanced by 36%,
and the SS was reduced to 8 mV per decade. In 2017, Aziz et al. [64, 65] investigated
VO,-based PTF in FET for low-power devices using the SPICE model. Due to reliable
resistive switching at near room temperature (= 340K) and low ON resistance of VO,
material, it has been used in PTFET. But this room temperature-resistive switching
in VO, restricts its uses in higher temperature products. Also, in comparison to the
filament-based PTM device, VO, has a lower resistance ratio, which results in the
search for novel materials to resolve the technological challenge.

Resistive switches based on filament physical processes like CBRAM [66] are also
used as PTM by modulating the current flow by varying its compliance current. The
weak/strong formation of filament at low/high compliance current (around 10-100 pA)
achieves the threshold-switching characteristics to be implemented. In 2016, TiO,-based
PTM was used in designing of a phase FET device by Song et al. [8], which achieved SS
(around 10mV/decade) at low V,p=0.25V and reduced the OFF current (less than 1pA).
However, it was only used as a PTM when the compliance current was less than 10 pA
and hence limits the ON current. Furthermore, the PTM device requires an inherent
delay (1 psec) during switching. In the same year, Lim et al. [67] studied the developed
PTFETs by integrating CuSx-based PTM and Si-H-based PTM in series connection to
the baseline transistor’s drain contact. At around 10 pA compliance current, the PTM
can be turned on at low VDD (x0.25V) and display ~6 orders of resistive switching.
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Jeong et al. [68] demonstrated atomic threshold-switching FET, which utilized
AgTi/HfO,-based PTM in series connection to the drain contact of 2D-MoS, base-
line FET. Song et al. [69] utilized the Ag-SiTe as PTM and discussed the anneal-
ing effect. In 2016, Shukla et al. proposed the PTFET with a HfO,-based PTM [6].
At a 100 pA compliance current, the HfO,-based PTM acts as a threshold selector.
They achieved a threshold voltage of ~1.5V and a low off-state leakage current of
~10pA. Furthermore, TS has a 58 ns turn-on time and a 67 ns turn-off time. The
HfO,-based PT-FET exhibits a #50% improvement in the on-to-off current ratio and
higher thermal stability (=90°C). Later, in 2017, by attaching the PTM in series con-
nection to the gate contact of the conventional transistor, Park et al. proposed NbO,-
based PTFET [70]. Despite the fact that the on-to-off current ratio does not improve
noticeably, the PTM device has been able to achieve high off-state leakage current
(=1 pA), with steep switch characteristics. In addition, the PTM requires only 10
ns for recovery (from a low to high resistance) and has no current flow restriction.
However, turning on the PTM device necessitates additional resistance, resulting in
an area penalty issue in the arrangement. Lee et al. discussed the three different PTM
threshold switching in steep switching [71]. Oh et al. [72] demonstrated the role of
the AgSe electrode and bipolar pulse forming in PTM to achieve steep switching.
The PTM device in PTFET can be linked to any of the three contacts (i.e. source,
drain, or gate) of the conventional transistor in a series connection to use the negative
differential resistance effect produced by PTM. As shown in Figure 5.4, the source-
connected PTFET (referred to as S-PTFET) lowers both voltages (drain-to-source
and gate-to-source). On the other hand, PTM connected to the drain of MOSFET
(referred to as D-PTFET) solely lowers the drain-to-source voltage. Similarly, PTM
connected in gate contact (referred to as G-PTFET) merely lowers the gate-to-source
voltage. S-PTFET achieves a better reduction in the OFF current with the drawback
of a slight reduction of the ON current of PTFET. The off-state leakage current and
on-state current are reduced the least by the D-PTFET. The G-PTFET combines the
best features of both D-PTFET and S PTFETs. It does, however, require an additional
resistor. In 2017, Vitale et al. [73] looked at VO,-based S-PTTFET and G-PTTFET
with TFET as a conventional transistor. However, due to the high off-state leakage
current, VO, is unable to display all advantages and disadvantages of the suggested
device architectures. Also, a ferroelectric tunnel junction (FTJ) [74] can behave as
PTM in phase FET. Shin et al. [75] also show Pb(Zr, s, Ti, 44)O5-based PTFET. The
ON current and inherent switching delay of PTFET need to be properly explored
for efficient functioning. Various filament-based PTM-based PTFET devices have
demonstrated a slow switching time (0.1-1 ps) and a low on-state current (10-100
U1A). Recently, some hybrid devices using PTFET have been suggested to provide
ultra-low SS. In 2022, Yadav et al. [76, 77] utilized negative capacitance in gate and
PTM in the source of the conventional FinFET and reported SS of about 4mV/dec.
Similarly, Vitale et al. [73] used PTM with TFET to achieve ultra-steep switching.

5.3.3 DIGITAL LOGICS/CIRCUITS

As shown in Figure 5.5(a), a design by Aziz et al. using a 14 nm FinFET transistor
as the conventional technology and monolithically connecting PTM in the source
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FIGURE 5.5 (a) PTFinFET-based inverter schematic, (b) its voltage-transfer-characteristic, and
(¢) current characteristic of PTFET inverter at 14 nm FinFET technology node with VO, as PTM

CMOS-based logic utilized n-PT-FinFET and p-PT-FinFET. [65]. The authors
showed that a well-designed PTFinFET-based logic achieved performance benefits
in power dissipation and speed in comparison to baseline FinFET for lower supply
voltages. Also, being an exploratory device, a proper device-circuit co-design frame-
work is needed in PTFET-based circuits.

In 2021, Cheng et al. [78] designed a memristive hybrid inverter utilizing a thresh-
old switch and achieves sub-pW-leakage and hysteresis-free CMOS circuits. Yadav
et al [79] discussed circuit advantages and drawbacks of hybrid negative capaci-
tance-based phase FET. Despite having several benefits at the device level, PTFET
appears to pose a limitation when designing logic circuits, necessitating additional
care [80—82]. Firstly, because of the various PTM thresholds, the PTFET has a hys-
teresis feature in its device characteristics (Figure 5.4(b)).

Hysteresis imposes some restrictions on PTFET when designing PTFET-based
logics, as it propagates from device to circuit, resulting in an unusual VTC of the
inverter (Figure 5.5(b), (c)). However, Aziz et al. [65] showed with proper selec-
tion and tuning of both PTM (PTM, and PTM,) functional logic can be achieved.
Secondly, due to PTM’s finite metallic resistance, it has the tendency to lower the
ON current of PTFET [77, 79]. This has an impact on the PTFET logic’s speed
(delay) performance. Thirdly, PTFET logic, as shown in Figure 5.5(b), demonstrates
that the high insulating resistance of PTM typically decreases static output voltage
(logic 1 and 0), which should be VDD and GND as in the case of a conventional
CMOS inverter. This leads to signal degradation and power penalties during low
input switching frequencies, as opposed to high input switching frequencies [§0—82].
The output voltage decreases even further as logic gates are cascaded. In addition to
power advantages, PTFET has delay instabilities for different input switching fre-
quencies compared to FET. Additionally, the RO energy-delay product varies for
various supply voltages in PTFET. These drawbacks appear to be problematic when
building PTFET logics and should be given more attention in the future.

5.3.4 MEMORY DEVICES

The inherent hysteresis, abrupt switching, and memristive device-type behavior in PTM
find their applications in state-of-the-art memory devices like STT-MRAM, SRAMs,
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cross-point array memory, and DRAMSs. Therefore, PTM has been explored by vari-
ous researchers for low-power memory applications. In order to improve performance,
in 2015, Aziz et al. [83] used VO, as PTM in parallel connection with the MTJ device
in the read path. This increased the cell tunneling magnetoresistance and read stabil-
ity in multi-port MRAM. In the same year in another study, Aziz et al. [84] improved
STT-MRAMs by utilizing parallelly connected optimized MTJ and PTM and achieved
better stability and read efficiency. In 2016, Srinivasa et al. [85] propose an SRAM
designed with PTM films to achieve lower power dissipation, higher write ability and
read stability. Cha et al. [86] used NbO, (PTM) as a selector in a mushroom device
structure and studied its scaling effects in cross-point array memory applications. They
concluded that filamentary conducting paths created during the forming process have
a significant impact on IMT behavior by analyzing the scaling trend of the thresh-
old current. By reducing the conducting path inside the NbO, layer, the findings hold
the promise of improving the performance of the selector device. In 2018, Aziz et al.
[87] again designed spin-transfer torque (STT) MRAM non-volatile memory with a
threshold switch to enhance the read operation and discussed its design space using a
device-circuit co-design framework. In 2019, Shen et al. [88] proposed compact PTM-
assisted single-ended 7T-SRAM, 8T-differential-SRAM, and 2T-DRAM with separate
read-write ports and achieved performance improvements. In 2021, Nibhanupudi et al.
[89], designed a heterogeneous 6T-SRAM bit cell utilizing PTM in series connection
with the gate of the cross-coupled pull-down cell and achieved decreased read access
time, lower power dissipation, with little increment in write time and improved retention
stability compared to standard SRAM cell. In the same year, Raman et al. [90] used a
bipolar threshold selector and capacitive-coupled assisted method in FeFET memory to
lower the write voltage. In 2022, Ambrosi et al. [91] used SiNGeCTe, an arsenic-free
chalcogenide material, for low voltage selector applications in a cross-point memory
architecture based on a two-terminal 1T1R memory cell for high-density and 3D com-
patible embedded memory and studied its reliability.

5.3.5 NON-BOOLEAN COMPUTING ARCHITECTURES

The Von Neumann architecture has been the foundation for computing and informa-
tion processing for the last few decades. However, as Al and machine learning appli-
cations grow, there are some computationally challenging issues, such as associative
processing (for example, computer vision) and combinatorial optimization where the
traditional paradigm is fundamentally inadequate because memory and computa-
tion are done separately. Neuromorphic computing is a recent and active research
areas for low-power computing architecture that makes use of spiking neural net-
works (SNN) to address the above problem of memory and computing separation.
By using dynamic systems, e.g. coupled oscillators in forming analog co-processor
systems, synchronized dynamics with inherent parallelism can be incorporated into
these systems, which improves upon the traditional CMOS microprocessors. The
instability of abrupt switching in PTM like VO, during insulating and metallic states
is used to form coupled oscillators. Negative feedback can be achieved by taking
advantage of the instability through a series connection of MOSFET and PTM, and
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a low-power relaxation oscillator [92] can be formed. The computational fabric is
based on the synchronization dynamics of the oscillators, and a capacitive-coupling
scheme is employed to allow the exchange of reactive power among the oscilla-
tors while preventing them from interfering with each other’s quiescent point. These
capacitive-coupled VO, oscillators provide an experimental test bed for tackling
difficult computational problems because of the dynamics of their phase synchro-
nization. Shukla et al. [93] demonstrated these PTM-based oscillators for solving
computational problems in saliency detection.

PTM’s inherent stochastic property is useful for creating SNN neurons that are
fast and low-power efficient for neuromorphic computing. Transition metal oxides
have proven to be potential candidates due to the occurrence of MIT for making
low-cost and energy-efficient SNN. In 2017, Parihar et al. [94] showed the VO, as
a neuron and used its stochastic nature in making a biomimetic computational ker-
nel that can be used for solving optimization and ML problems. In 2021, Zhang et
al. [95] varied the oxygen concentration in La,_ Sr,CoO; using density functional
theory to determine the bias voltage for transition and suggested methods to reduce
bias for transition which can be useful for optimizing and designing neurons in neu-
romorphic computing. Carapezzi et al. [96—98] used TCAD simulation to model a
thermally induced transition in VO, and used mixed mode TCAD and SPICE simu-
lation to study the VO, dynamics in oscillatory behavior for neuromorphic applica-
tions. In 2020, Moatti et al. [99] uses VO, as Mott memory and studied the volatile
and non-volatile behavior of MIT in VO, by tuning oxygen vacancies to provide a
path for neuromorphic applications.

5.3.6 OTHER APPLICATIONS

Recently, the unique properties of abrupt switching and stochastic nature in PTM
have been explored in various analog circuits to solve supply voltage droop problems
[100] in making novel multipliers [101], a pseudo-random number generator [102],
and a power-efficient design of sense amplifier [103].

5.4 CONCLUSION

The abrupt, volatile, non-volatile, ultrafast electrical switching, and oscillatory
behavior, or stochastic nature, in phase transition material due to MIT in metal oxides
and some metamaterial make it a useful class of material for low-power electronics.
For a few decades, the special focus has been on VO, as PTM due to its transition
near room temperature and its fabrication easiness with the existing CMOS pro-
cess. Recently, many kinds of PTM have been explored as two-terminal threshold
selectors in steep switching, logic, memory, and neuromorphic applications. Many
TCAD and SPICE models have been developed to evaluate their efficacy in a device
(phase FET/hyper FET, Mott-FET) and circuits. PhaseFET achieves steep switching
and achieves power-efficient switches in low-power applications. Also, hysteresis
in PTM finds applications in SRAMs, DRAMs, MRAMs, and crossbar memories.
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Stochastic and oscillatory behavior finds its application in neuromorphic computing
to form nano-oscillator and help in solving computationally hard problems.

5.5 FUTURE OUTLOOK

Being an exploratory emerging material and emerging device, there is a need for
a device-circuit co-design methodology for the designing of devices and circuits.
Also, there is a need to find a mechanism to reduce hysteresis in PTM for digital
circuits. However, for memory applications, a hysteresis window should be increased
for advantages. The fabrication complexity of the existing CMOS process needs to
be researched in the future, along with study of the reliability and endurance of
PTM and devices associated with PTM. Debates about the physics and mechanisms
of transition (E-IMT, T-IMT) in PTM hinder the development of proper TCAD and
compact and SPICE models for device and circuit simulation. These new exploratory
devices have distinct potential and constraints that must be thoroughly investigated
before moving forward with commercialization. For each of these ideas and method-
ologies, a comprehensive device-circuit co-design needs to be carried out to assess
the potential ramifications and feasibility.
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6.1 INTRODUCTION

The improvement in transistor performance has fueled continuous growth in the
semiconductor industry, but as physical feature sizes have been scaled down, the
emergence of short-channel effects (SCEs) causes a threat to the scalability of future
devices [1]. Power consumption and heat dissipation in integrated circuits have
become a serious challenge with a significant reduction in the channel length of
the conventional metal oxide semiconductor field-effect transistor (MOSFETS). To
overcome the scaling challenges of planar MOSFET, multigate FETs are proposed
[2, 3]. The multigate devices have better controllability over the channel and main-
tain the electrostatic integrity of devices [4, 5]. In multigate devices, FinFET is the
most popular one due to its simple structure and gate wrapped over the channel.
Due to the 3-D and tri-gate structure, FinFET has better electrostatic integrity and
good subthreshold region performance. For low-power space applications, most of
the semiconductor industries have adopted 3-D FinFETs for integrated circuit (IC)
manufacturing [6—11].
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FIGURE 6.1 Classification of radiation effects [29-34]

Reliability and safety are the major concern for the electronic system design of satel-
lites. The system performances are affected and degraded due to the presence of heavy
ionized radiation in space [12, 13]. These radiation effects are categorized into two types:
1) single-event effects (SEEs) or soft error and 2) cumulative effects. Classification of
the radiation effects is illustrated in Figure 6.1. In the 1960s, the radiation sensitivity of
MOS devices was first discovered at a naval laboratory [14]. In the 1980s, single-event
effects were analyzed for the first time on digital circuits [15, 16]. There are two types of
single-event effects: destructive and non-destructive. Generally, these effects hamper the
performance of digital circuits. The non-destructive type effects affect the performance
of systems for a short span of time [17]. In low-power digital circuits, heavy ionized parti-
cles hamper the performance temporarily [18-21]. Many research groups are working to
make a radiation-hardened SRAM cell for satellites [18—25]. The single-event transient
(SET) and single-event upset (SEU) alter the storage bits after striking highly energized
particles. These effects can be suppressed by adding an extra transistor/circuit element or
making the device radiation-hardened by itself [26—28]. The device’s radiation hardness
is analyzed by the total ionizing dose effect (TID).

After irradiation of the semiconductor device, trap charges are accumulated in the
oxides and semiconductor/insulator interfaces. These charges shift the threshold voltage
toward negative and degrade the device’s OFF-state performance [33, 35]. The radiation
impact of FinFET also depends on fin geometry. The maximum TID degradation in
bulk FinFET is observed for the narrow fin width (W) and short-channel length (L,)
[36-39]. The TID response of bulk FinFET is similar to planar MOSFETs. Radiation
build-up trap charges in shallow trench isolation (STI) trigger lateral parasitic transistors
that degrade the OFF-state current. The long channel bulk FinFET shows lower TID
degradation, because of the existence of a weak parasitic conduction path STI to sub-
strate [40—44], while SOI-FinFET shows better radiation tolerability for narrow fin width
and short Lg [38, 45]. After this, the irradiation threshold voltage shift reduces by increas-
ing the surrounding temperature [46]. The long channel with wider fin width devices are
highly susceptible to ionized radiation. In 2020, a FinFET of a compound semiconductor
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(InGaAs) fin with a modified gate stack showed a low subthreshold leakage current for
10 keV X-rays [39]. Zhexuan Ren et al. reported TID analysis of pMOS FinFET for
different biases and geometry. In the worst-bias or ON-state condition, pMOS FinFET
showed the maximum TID degradation [47]. The TID and low-frequency analysis, bulk
and SOI n-FinFET for different fin widths have been reported. For the SOI devices, a
minimal threshold voltage shift is noticed after a 2-Mrad dose [38]. Stefano Bonaldo
et al. reported InGaAs FinFETs with gate stack (HfO,/Al,O; dielectrics) for low noise
analysis of the device, up to a radiation dose of 500 krad [37]. For ultra-high radiation, 1
Grad dose 16-nm bulk n- and p-FinFETs are analyzed for the different channel lengths
[36]. In 2022, Ray et al. reported TID analysis of optimized SOI n-FinFET for ultra-high
radiation of 2 Mrad dose. The concept of workfunction modulation was incorporated
with conventional FinFET for enhancing the pre- and post-radiation performances of
devices [45]. Due to high radiation tolerability, narrow Wy, and short L,, SOI-FinFET
is widely used for space application [48].

This chapter presents a radiation-hardened SOI n-FinFET with spacer engineer-
ing. The pre- and post-radiation of different spacers is studied and compared with
conventional SOI-FinFET. Under a radiation-prone environment, trap charges are
accumulated in the oxide and Si/SiO, interfaces. These charges make the thresh-
old voltage negative and increase the leakage current of the device. The interface
trap charges after irradiation create the parasitic conduction path between the buried
oxide (BOX) layer and substrate. This strong parasitic conduction degrades the per-
formance of the subthreshold region of operation [49]. Proposed spacer engineering
with high k=25 maintains the low leakage and better subthreshold region of opera-
tion. Here, for different values of k — k = 3.7 (Si0,), k = 7.5 (Si3N,), k = 9 (AL,05), k
=9.14 (AIN), and k = 24 (HfO,) — TID analysis is examined and compared. The TID
analysis of spacer SOI-FinFET for different dielectrics is presented for the first time.

6.2 RADIATION-HARDENED DEVICE STRUCTURE
AND SIMULATION SETUP

A 30 nm gate length SOI-FinFET with spacer engineering is designed for a radia-
tion environment. Figure 6.2(a) and (b) illustrate the 2-D conventional and proposed

128 nm
128 nm

(@ ~ 110 nm " (b) © 110 nm "

FIGURE 6.2 2-D Schematic of (a) conventional and (b) proposed structure
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TABLE 6.1

Parameters used in the simulation

Parameters Values
Gate oxide thickness (T,,) (nm) 3
Fin width (W) (nm) 10
Channel length (L,) (nm) 30
Device thickness (nm) 26
Gate workfunction (eV) 4.65
Buried oxide thickness (BOX) (nm) 30
Spacer region length (nm) 20

device structure. Fin height (Hg,y) of 70 nm and fin width (W) of 10 nm is consid-
ered for the device design. The composition of tungsten and nitride material is used
as the gate electrode with workfunction of 4.65 eV. The n-type doping concentration
of 2 x 10" cm? is used for drain and source doping. In the proposed device, differ-
ent spacers, such as SiO,, Si;N,, AIN, Al20;, and HfO,, are used to obtain the best
result. Table 6.1 gives an overview of the parameters used in the simulation.

A simulated 3-D structure is shown in Figure 6.3. Lombardi mobility, Auger and
Shockley-Read-Hall (SRH) recombination, Fermi, trap, and high mobility physics
model with drift-diffusion model level 1 (DDMLI1) are incorporated in the simula-
tion. For the total ionizing dose analysis, an advanced TID model is used [50]. A
SOI-FinFET with a fin width of 15 nm and channel length of 30 nm is simulated
for simulator validation. Figure 6.4 illustrates the calibration of the simulation and
experimental result [S1]. For the total ionizing dose analysis, the device is simulated
in a worst-bias condition in order to make the device ready for the TID simulation

Material

. NPolySi
N
. sio2

Si

FIGURE 6.3 Simulated 3-D structure of the proposed device
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FIGURE 6.4 Calibration of simulation result with the experimental result.

under ON-state bias (Vg = 1 V and V|, = Vg = 0) condition. The maximum device
degradation is observed in the worst-bias condition [47].

6.3 RESULTS AND DISCUSSION

Different spacer materials with dielectric constants of 3.7 (SiO,), 7.5 (Si;N,), 9
(AL,0O5), 9.14 (AIN), and 24 (HfO,) are incorporated in the study to examine the
impact of radiation. Figure 6.5 depicts the Ipg vs Vg comparison of conventional
SOI-FinFET with different spacers. Spacer engineering improves the OFF-state
performance with a slight increment in threshold voltage. This improvement in the
proposed device is noticed because in OFF-state vertical electric field is high. But

—a— Conventioal FinFET
—e— With SiO, Spacer
—A— With Si N, Spacer
—o— With A1,0, Spacer

—e— With AIN Spacer
—*— With HfO, Spacer

0.6 0.8 . 1.0
v, V)

FIGURE 6.5 I, vs V4 comparisons of the conventional device with different spacers
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the ON-current of the device is not affected due to zero electric field [52]. From the
graph, a 1-decade lower leakage current (Iorp) is observed for the HfO, spacer as
compared to a conventional device.

The irradiation trap charges are accumulated in the oxide and insulator/semi-
conductor interface. Because of these charges, the threshold voltage of the device is
shifting toward a negative direction with respect to radiation dose. TID responses of
all devices are explained below.

6.3.1 TID RESPONSE

The classical TID responses of all devices are investigated for the worst-bias/
ON-state (Vg =1 V and V|, = V¢ = 0) condition. Here, the TID response for doses
ranging from 0 to 2000 krad of the device is investigated.

6.3.1.1 Impact of radiation of spacer

Figure 6.6(a) shows the I, vs V4 comparison with the SiO, spacer. The typical TID
degradation of the device is observed with respect to radiation dose. The OFF-state
current comparison of the conventional and proposed device with SiO, is depicted in
Figure 6.6(b). The SiO, spacer-based device is more radiation-tolerant as compared
to conventional SOI-FinFET. SiO, spacer shows a 1-decade less I than the conven-
tional n-type SOI-FinFET for higher radiation dose (2000 krad). From Figure 6.6(b),
it is observed that the device with SiO, spacer-based device shows 72%, 70%, 81%,
75%, and 64% less 1, as compared to conventional FinFET with respect to differ-
ent radiation doses of 100 krad, 500 krad, 1000 krad, 1500 krad, and 2000 krad,
respectively. But a nearly 90% shift is observed in the threshold voltage for pre- to
post-radiation (2000 krad) of the SiO, spacer. As the value of the dielectric constant
varies from lower to higher, a lower shift in V,; is obtained. The higher value of the
dielectric constant increases the depletion region because of the presence of a fring-
ing electric field inside the spacers [53, 54]. Parameters such as built-in potential

10° f With SiO, Spacer —=— Conventional SOI-FinFET
100 krad SOI-FinFET with SiO.
10_7 500 krad —— -Fin with Si , spacer
—+—1000 krad —
10° —e— 1500 krad i —
~ 10 —+— 2000 krad ~ 10
2 2 =
10 =
i—tg 10 .—1s /'/ / *
0™ Ty /.
1. /
10 i 10" §°
10'1 1 al L L 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0 500 1000 1500 2000
(a) Vgs (%) (b) Dose rate (krad)

FIGURE 6.6 (a) Post-radiation transfer characteristics of SiO, spacer with respect to radia-
tion dose and (b) I current comparison of conventional and SiO, spacer device
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FIGURE 6.7 (a) Post-radiation transfer characteristics of Si;N, spacer with respect to radia-
tion dose and (b) Iy current comparison of conventional and Si;N, spacer device

are directly dependent on threshold voltage, and built-in potential is proportional to
depletion width.

Post-radiation transfer characteristics of the Si;N, spacer are illustrated in Figure
6.7(a). Figure 6.7(b) shows OFF-state current comparisons of conventional SOI-
FinFET and Si;N, spacer-based SOI-FinFET. The Si;N, spacer-based device main-
tains low leakage of 10-"* up to radiation of 500 krad. For the pre-rad condition, Si;N,
spacer-based FiInFET shows a 64% improvement in leakage current as compared to
conventional SOI-FinFET devices. As per the radiation doses of 100 krad, 500 krad,
1000 krad, 1500 krad, and 2000 krad, degradation in Iz of 2%, 35%, 42%, 38%,
and 54%, respectively, is observed from the graph in Figure 6.7(b).

Figure 6.8(a) and (b) shows the I}, vs V4 post-radiation curve of the Al,O, spacer
and OFF-state current comparison of conventional and the Al,O; spacer-based
device with respect to dose rate. As the value of the dielectric constant increases,
the I of the device goes lower. This happens because a higher dielectric constant

With AI1O3 Spacer —a— Conventional SOI-FinFET

—=—100 krad

107 p d —e—500 krad —e— SOI-FinFET with AL O, spacer
. —4—1000 krad
10 —e— 1500 krad 10k
9 # —— 2000 krad
- 10 y ~_~
s 10 10" $
10 / 4
/ 8
U v —
10-!2 -
lo-u . 100k
L Y L L L .
0.0 0.2 0.4 0.6 0.8 1.0 0 500 1000 1500 2000
(a) V. V) (b) Dose rate (krad)

FIGURE 6.8 (a) Post-radiation transfer characteristics of Al,0, spacer with respect to radia-
tion dose and (b) Iopr current comparison of conventional and Al,O; spacer device
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FIGURE 6.9 (a) Post-radiation transfer characteristics of AIN spacer with respect to radia-
tion dose and (b) I current comparison of conventional and AIN spacer device

spacer has a strong fringing electric field [55, 56]. The classical TID degradation in
Ioee of an Al, O, spacer-based device of 26%, 41%, 40%, and 54% is observed for
radiation doses of 500 krad, 1000 krad, 1500 krad, and 2000 krad, respectively.

As the value of dielectric constant (k) is increasing, subthreshold performance
and leakage current are improving due to the high vertical electric field at OFF-state
bias condition. This improvement in both parameters is also observed for the post-
radiation condition. Figure 6.9(a) and (b) illustrates the post-radiation transfer charac-
teristics of the AIN spacer-based device and the I comparison of the spacer-based
device and conventional device. The AIN spacer-based device maintains almost the
same current switching ratio (108) for pre and post (500 krad) radiation. From Figure
6.9(b), it is observed that the AIN spacer-based device shows an 83%, 81%, 86%,
82%, and 69% improvement in I as compared to the conventional device. Post-
radiation transfer characteristics with an HfO, spacer are depicted in Figure 6.10(a).
Figure 6.10(b) shows the I,z comparison of the HfO, spacer with conventional

-6 [ With HfO_Spacer . . .
10° , 5P —=— Conventional SOI-FinFET
g =— 100 krad —e—SOL-FinFET with HfO, spacer
107 —e— 500 krad "
. —4—1000 krad 10"
10 —e— 1500 krad
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s 10" w s
g E 10-‘3 [
e 1041 - —P
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0™ ' Y Y L 0™ L 1 L
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FIGURE 6.10 (a) Post-radiation transfer characteristics of HfO, spacer with respect to radi-
ation dose and (b) I, current comparison of conventional and HfO, spacer device
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FIGURE 6.11  I\/Iors comparisons of all device with respect to radiation doses

device with respect to radiation doses. As per the above results improvement in Igg
and better current switching ratio is obtained with HfO, spacer-based device. The
high dielectric constant gives a strong fringing field near the channel which yields
lower Inpp [11, 57, 58]. The HfO, spacer-based device shows an 83%, 91%, 89%,
92%, 86%, and 73% improvement in Iop as compared to the conventional device
for different radiation doses of 100 krad, 500 krad, 1000 krad, 1500 krad, and 2000
krad. The larger spacer length of 20 nm is used in this work for better subthreshold
region performance. The proposed device with an HfO, spacer maintains an 11%
higher V,, than the conventional SOI-FinFET. The current switching ratio (Inn/Iogr)
comparison of all spacer-based devices is illustrated in Figure 6.11. From the graph,
it is observed that in pre-rad conditions, all spacer-based devices show almost the
same I As the radiation dose is increasing, the OFF-state performance and sub-
threshold device performances are degrading with respect to dose rate. But the HfO,
spacer maintains better I, and higher V. Among all the spacer-based devices,
HfO, spacer-based devices maintain the same decade of I after a high radiation
dose of 1000 krad. This shows that the HfO, spacer-based device shows superior
performance for pre- and post-radiation conditions.

6.3.1.2 Radiation-induced interface trap charges

After the irradiation, trap charges are accumulated in semiconductor/insulator
interfaces. These charges shift the threshold voltage toward negative and degrade
the leakage current. As the radiation dose increases, interface trap charges are also
increased. The irradiation gate terminal also loses its controllability over the chan-
nel. These observations confirm that the device in a radiation-prone environment
loses its electrostatic integrity. The proposed spacer engineering reduces the para-
sitic components and improves the electrostatic device performance. This improve-
ment is noticed because spacers have a strong fringing field. Also, a higher dielectric
constant shows better gate controllability for both pre- and post-radiation conditions.
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This enhances the circuit’s digital performance [56, 58]. The interface charge density
spectrum after a 2000 krad dose of all spacer-based devices (Si0O,, Si;N,, AL,O;,
AIN, and HfO,) is depicted in Figures 6.12 (a), (b), (c), (d) and (e), respectively. In
Figures 6.12 (a), (b), (), (d), and (e), it is noticed that interface trap charges are reduc-
ing as the value of the dielectric constant is increasing.

The HfO, spacer-based device SOI n-FinFET shows a minimum interface trap
charge density (/cm?) as compared to others.
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FIGURE 6.12 Interface trap charges spectrum of (a) SiO, spacer (b) Si;N, spacer, (c) AL,O,
spacer, (d) AIN spacer, and (¢) HfO, spacer SOI-FinFET, after 2000 krad
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6.3.1.3 Shift in threshold voltage after irradiation

At the time of radiation-induced on the device, trap charges are accumulated in the
oxide and semiconductor/insulator interfaces. These trap charges make the device
threshold voltage negative or shift toward the negative axis. The interface trap
charges are a minimal contributor to the shifting of V;, [55]. Here, a 20 nm sym-
metric spacer with a different dielectric constant with the worst-bias condition (V, =
1 Vand Vg =V, = 0) is investigated to analyze the V,, shift. Figure 6.13 shows the
V,, shift for different values of k. The maximum shift of 0.231 V for pre- to post-
radiation (2000 krad) conditions is noticed for the SiO, spacer. The proposed dimen-
sion and engineering help to maintain a positive threshold voltage. The symmetric
length and higher dielectric constant of the spacer increase the source/channel deple-
tion region. Due to this enlargement in the depletion region, a higher device V,, is
maintained [52, 54-56]. For the pre-rad condition, HfO, spacer-based device shows
a high V,, of 0.27 V i.e., 20 mV more as compared to the SiO, spacer device. After a
100 krad radiation dose, the maximum V,;, shift of 128 mV is obtained for the SiO,
spacer. Moreover, Si;N,, Al,O, and AIN spacer-based devices show almost the same
V,, shift of 120 mV. Also, a minimum V,, shift of 93 mV is obtained for HfO, spacer-
based device. After the high radiation 2000 krad dose, a 42%, 30%, 27%, and 24%
lower shift in V,; is observed for the HfO, spacer as compared to SiO,, Si;N,, Al,O,,
and AIN spacer-based devices. Even after a very high radiation (2000 krad) dose,
the proposed HfO, spacer-based SOI n-FinFET with symmetric spacer length shows
less TID degradation as compared to conventional and other proposed devices.

6.3.1.4 Radiation affected subthreshold swing

In the radiation-prone environment, the subthreshold swing (SS) of the device is
degrading as the radiation dose increases. The typical degradation in SS is observed
due to radiation-induced trap charges [31]. The subthreshold swing of all spacer-based

0 500 1000 1500 2000
Dose rate (krad)

FIGURE 6.13 V, shift for different spacer (SiO,, Si;N,, Al,O;, AIN, and HfO,) devices
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FIGURE 6.14 Subthreshold swing for different radiation dose

devices is calculated and compared for different radiation doses (0 to 2000 krad) and
depicted in Figure 6.14.

For pre- and post-radiation conditions, Si;N,, Al,O;, and AIN spacer-based devices
show almost the same SS, while the HfO, spacer-based device shows a 4.2% improve-
ment in SS as compared to the SiO, spacer-based SOI-FinFET. Figure 6.14 shows,
in the HfO, spacer-based device, a 2.6%, 2.5%, and 2.4% improvement in SS after
a radiation dose of 2000 krad as compared to other proposed spacer-based devices
(Si5N,, Al O;, and AIN), respectively. The proposed device with different spacers
(Si;N,, Al,O5, AIN, and HfO,) shows a nearly 2% (Si;N,, Al,O5, and AIN) and 4.5%
(HfO,) improvement in SS as compared to conventional SOI-FinFET. This improve-
ment is noticed because of the strong fringing electric field through the spacers [58].

Table 6.2 shows a parameter comparison of proposed and conventional devices
after a radiation dose of 1000 krad. The results observed for the HfO, spacer-based
device show good radiation tolerability and reliability.

TABLE 6.2
Parameter comparison of proposed devices and conventional device after

1000 krad dose

Parameter Lok Vi SS Ton/lore
Conventional 1.26 x 102 0.064 66.46 100
Sio, 2.34 x 1013 0.082 65.22 107
Si;N, 1.65x 1013 0.10 63.91 107
AlO, 1.64 x 1013 0.101 63.88 107
AIN 1.63 x 1013 0.102 63.79 107

HfO, 9.44 x 1014 0.132 62.26 108
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6.4 CONCLUSION

The impact of TID on SOI n-FInFET with spacer engineering is presented and
investigated. For the pre-radiation condition, a 1-decade improvement is observed
for all the spacer-based devices (3.7 (Si0,), 7.5 (SisN,), 9 (Al,05), 9.14 (AIN), and 24
(HfO,)), and a 9.6% higher threshold voltage is observed for the HfO, spacer device
as compared to a conventional device. For the pre- and post-radiation conditions,
Si;N,, AL, O;, and AIN spacer-based devices show nearly the same values for both
pre- and post-radiation conditions. At a higher radiation dose of 1000 krad, the pro-
posed device with an HfO, spacer-based device maintains the almost same leakage
current (10-'* A) as the pre-radiation condition. After the 2000 krad dose, the HfO,
spacer-based device shows a 42%, 30%, 27%, and 24% lower shift in V;, as compared
to Si0,, Si;N,, Al,O,, and AIN spacer-based devices, respectively. Moreover, HfO,
spacer-based FinFET shows a 23%, 9.2%, 13%, and 12% improvement in Igp as
compared to SiO,, Si;N,, Al,O;, and AIN spacer-based devices, respectively. These
improvements in the results replicate that for radiation doses of 500 krad, the pro-
posed SiO,, Si;N,, Al,O5, and AIN spacer-based devices appear to be good enough
to sustain a radiation-prone environment. For the higher radiation dose (2000 krad),
the proposed HfO, spacer-based SOI n-FinFET shows the best radiation-tolerant
capability. This suggests that the proposed HfO, spacer-based device is reliable for
the design of memories and processors of satellites.
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7.1 INTRODUCTION

Various solutions have been proposed in recent years to address the problem of
short-channel effects (SCEs) in the field effect transistors (FETs) during downscal-
ing [1-4]. The use of Fin-FET devices was one of the most significant solutions
used by Intel for the first time in the 22 nm node in 2011 [5]. The structure of the
Fin-FET compared to conventional metal oxide semiconductor field effect transis-
tor (MOS-FET) improved the gate’s ability to control the channel. Therefore, the
Fin-FET devices significantly improved the short-channel effects, particularly when
miniaturized in nanometers [6—8]. However, for downscaling to sub-7-nm, Fin-FETs
have recently faced numerous challenges, including reduced reducing device perfor-
mance, increased cost, patterning, and layout [9—11]. In 2017, a new device named
nanosheet FET (NS-FET) was introduced. The NS-FET is one of the gate-all-around
(GAA) devices that, by increasing the controllability of the gate on the channel,
has played an important role in moving toward devices with sub-7-nm dimensions.
[12-14]. The NS-FET, by surrounding the transistor channel all around the gate,
significantly increases the controllability of the gate. Thus, SCEs reduce, and the
efficiency of the transistor improves in the nano regime. NS-FETs are also promising
candidates for the technology of 3-nm nodes and even beyond. Figure 7.1 shows the
replacement of the NS-FET technology with Fin-FET technology as downscaling
continues [12].
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FIGURE 7.1 Replacing of the NS-FET technology with Fin-FET in continuing downscal-
ing [12]

According to research, the use of NS-FET technology resulted in a more than
25% improvement in device performance and a more than 50% reduction in energy
consumption [15]. On the other hand, NS-FETs have fewer parasitic capacitors than
their counterparts resulting in higher switching capability and better power perfor-
mance [16—18]. Due to the excellent performance of GAA technology, especially the
NS-FETs, the semiconductor industry’s behemoths including IBM, Intel, Samsung,
and TSMC are moving toward 3-nm and 2-nm NS-FET nodes [5, 19]. Generally,
future 3-nm and 2-nm NS-FET nodes are expected to perform 45% better and con-
sume 75% less power consumption than current 7-nm nodes. Therefore, we can
anticipate significant advancements in computing platforms that work with quantum
computers through cloud environments [15]. This means that NS-FETs are on the
verge of taking over the semiconductor world.

With the introduction of the NS-FET as one of the most important candidates for
nano regime nodes, the output and electrostatic characteristics of this device must
be carefully considered during design. It is also necessary to examine the applica-
tions of these devices from the circuit standpoint. In this chapter, while comparing
NS-FET with its competitors such as Fin-FET and nanowire FET (NW-FET), the
most important design parameters of this device are examined and analyzed from
the perspective of temperature variation, changes in the dimensions of nanosheets,
the use of high-K gate oxide, etc. in analog/RF and digital applications.

7.2 COMPARISON OF NS-FET WITH OTHER STRUCTURES

Figures 7.2 (a) and (b) shows the structure of NS-FET and stacked NS-FET. In the
NS-FET technology, the gate completely surrounds the channel, which increases the
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FIGURE 7.2 3D view of the structure of NS-FET (a) single sheet and (b) and stacked sheet

ability of the gate to effectively control the channel. The result shows excellent gate
control over short-channel effects. On the other hand, by using several nanosheets as
a stack, such as in Figure 7.2 (b), it is possible to improve the output parameters of the
device and increase the flexibility in further downscaling [13, 20]. Recent research
shows that nanosheets can also be created in multiple stacks [12].

According to recent studies, NS-FET provides more drive current compared to
other similar devices such as Fin-FET and NW-FET [21, 22]. The reason is that in
NS-FET, the effective width of the channel area (W, is larger than other structures
and is not limited. Because W, ,in NS-FETSs is not limited by Fin-pitch or quantiza-
tion operations, unlike Fin-FETs, designers have more freedom of action in adjusting
the width and height of nanoplates for power management and better circuit perfor-
mance [1, 15, 23]. Figure 7.3 compares the drain current (/,)) in terms of drain-source
voltage (Vs) in NS-FET with Fin-FET and NW-FET under similar conditions [24].
As shown in the figure, a higher drain current flows for all gate voltage (V,;) values
of the NS-FET, due to the higher W,

In order to evaluate the capability of devices in dealing with short-channel effects,
it is possible to examine the most critical parameters drain-induced barrier lowering
(DIBL) and sub-threshold swing (SS). DIBL is calculated by Equation (7.1), where V,,
is the threshold voltage. Sub-threshold swing is the rate of change in drain current by
one decade in terms of change in gate-source voltage (V) and is obtained through
the Equation (7.2) [25].

DIBL = {V’“_V“} (7.1)

DS1 ™~ VDSZ

-1
S5 = ologl), (7.2)
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Figure 7.4 compares SS and DIBL for NS-FET, Fin-FET, and NW-FET devices. As
shown in the figure, the value of DIBL in NS-FET, WN-FET, and Fin-FET is 30.69,
32.06, and 35.14, respectively. It shows DIBL in NS-FET is reduced by 12.66% com-
pared to Fin-FET and 4.27% compared to NW-FET. On the other hand, the value of
SS in NS-FET has decreased by 1.04% compared to NW-FET and 3.12% compared
to Fin-FET [24]. The reason for this superiority of NS-FET compared to both of the
other devices is the surrounding of the gate to the channel and as a result, increasing
its controlling power over the channel.

Investigating the on current (/,,y) and off current (/) of drain is another impor-
tant parameter of the device output to evaluate its performance. A larger ratio of [,
to I, indicates better DC performance of the device and reduces power loss [26].
Figure 7.5 compares I,y and I, in NS-FET, NW-FET, and Fin-FET [24]. According
to the figure, the 1, in the NS-FET is significantly reduced compared to the other
two structures. On the other hand, /,, in NW-FET has increased by 97.56% com-
pared to Fin-FET, which is the highest value in NS-FET and has increased by 9.31%
compared to NW-FET. This significant improvement in I,y and I,z in NS-FET
compared to the other two devices confirms the superiority of NS-FET in downscal-
ing below 7 nm.

Other reasons for the superiority of NS-FET technology include high flexibility
in design, faster frequency response, the possibility of supporting multiple thresh-
old voltages, and the possibility of reducing the gate length [12, 27, 28]. On the
other hand, the self-heating effects (SHEs) in NS-FET compared to Fin-FET have
improved appreciably [29]. Therefore, NS-FETs can be a suitable alternative to Fin-
FETs for continuing the downscaling of the gate length [30-32].

In order to design and use the NS-FET in analog and digital integrated circuits,
various aspects such as changing the dimensions of the nanosheets, changing the
amount of dropped carriers, device dependence on temperature, the engineering
of the gate electrode and the channel of the device, the materials used in the con-
struction of the channel and the substrate, the effect of increasing the number of
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nanosheet stacks, and so on, should be studied so that the most optimal device can be
designed for each application. In the rest of this chapter, the most important aspects
of NS-FET design for use in analog and digital circuits are discussed.

7.3 TEMPERATURE ASSESSMENT OF NS-FET

Temperature evaluation of semiconductor devices is very important, especially in
the nano regime, because an increasing temperature can change many output and
behavioral characteristics of the device, including the threshold voltage, sub-thresh-
old swing, device speed, and so on. Furthermore, if the temperature of the device
network increases, the phonon scattering increases, resulting in a decrease in the
device current. On the other hand, the reliability decreases as the temperature depen-
dence increases [33-35]. Since these devices have a wide range of applications in
industries that rely on temperature, such as detectors, military, spacecraft, automo-
bile, nuclear, and medicine, temperature evaluation of devices during the design and
fabrication process should be considered. The threshold voltage (V,,) shows the abil-
ity of the device to switch from the OFF state to the ON [36]. V,, is a critical param-
eter in device scaling to maintain power efficiency.

Figure 7.6 (a) shows a variation of V,, and SS based on the change in tem-
perature [36]. An increase in temperature causes a decrease in V,, and thus an
increase in SS in the NS-FET. As it is clear from the figure, for lower tempera-
tures, with the reduction of S, the device has less leakage current, which is very
important in the design of low-power switches. Another important sub-threshold
feature in semiconductor devices is DIBL. During the design process, the depen-
dence of DIBL on temperature needs to be discussed. Figure 7.6 (b) shows that
DIBL has a direct and rather linear dependence on temperature and increases
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with increasing temperature while gate length (L;) and V4 are constant [36].
During the device design, it is necessary to evaluate the DIBL characteristic
and provide solutions to reduce its temperature dependence. Analog/RF com-
munication circuits, digital logic circuits, and memories are integrated and con-
nected together in integrated chips (ICs) and integrated circuits. Therefore, it is
important to analyze devices from the point of view of analog/RF circuits. One
of the most important criteria for evaluating the analog performance of semicon-
ductor devices is the study of transconductance (g,,) changes. An increase in g,,
increases the speed of the transistor, the gate transfer efficiency, and the amplifi-
cation factor, and improves the performance of the device in logic circuits. g,, has
an impact on the amplifier’s bandwidth and noise performance. g,, is the varia-
tion of the drain current in terms of Vg and it is calculated using Equation (7.3)
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[37]. No change or small changes in g, per temperature change can be reliable
evidence to prove the good performance of NS-FET.

& { ol } (73)
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Figure 7.7 (a) shows the change of g, in terms of V, for different temperatures.
The value of g,, increases slightly with decreasing temperature due to a larger I,
However, the amount of g, changes compared to the temperature change is rela-
tively small and negligible. This can be one of the reasons for the good performance
of NS-FET-based analog circuits in the nano regime. Another important parameter
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FIGURE 7.7 Variation of (a) transconductance (g,,) and (b) output conductance (g,) for dif-
ferent temperatures [36]
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in the design of semiconductor devices is their output conductivity (g,), which is
required to calculate the intrinsic gain of the device. Equation (7.4) calculates g,,.

2 =[ ol } (74)

OVps

As shown in Figure 7.7 (b), g, is almost constant and has little changes with increas-
ing temperature. Therefore, it can be expressed that temperature change has no sig-
nificant effect on g,,.

The total capacity of the gate capacitor (C,,) is equivalent to the gate-drain (C,,) and
gate-source (C,,) capacitors [38]. C,, plays a fundamental role in cut-off frequency (f;)
and delays (z ) [36]. The variation of C,, in terms of temperature is described in Figure 7.8
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ent temperatures [36]
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(@). An increase in temperature causes a decrease in the energy band and thus a decrease
in the potential barrier of the device. This increases the density of charge carriers in the
channel and under the gate, and as a result, the gate capacitor C,, becomes larger [39].

[ which is obtained by Equation (7.5) is the frequency at which the current gain
is equal to one and is critical to the device’s performance in high-frequency opera-
tions [40].

gm
Jr 2nC, (7.5)
Since the changes of g, and C,, are very small in terms of temperature changes, it is
expected that the cut-off frequency of NS-FET-based RF circuits has a low sensitiv-
ity to temperature variations. Figure 7.8 (b) shows that the cut-off frequency changes
for different temperatures are relatively small. In this figure, it can be seen that at the
temperature of 200 °k, the highest cut-off frequency occurs at V;;=0.6.

The voltage gain of a transistor-based amplifier shows the overall performance of
the amplifier circuit. Given that Gain= g, /g, any change in g,, or g, causes a change
in Gain [36]. Due to the insignificant dependence of g,, and g, on temperature, as
expected and shown in Figure 7.9, the gain changes have decreased relatively little
with increasing temperature.

7.4 DOPING ASSESSMENT OF NS-FET

The doping concentration engineering in the channel is one of the primary solutions
for improving SCEs and increasing the I, of MOSFETs [41, 42]. Therefore, it is
expected that the drain current and SCEs in the NS-FET be controlled by optimizing
the nanosheets’ concentration. The doping concentration of nanosheets has a direct
effect on the drain current both in the ON and OFF states. Figure 7.10 describes the
effect of increasing doping on the drain current. At lower concentrations, a lower I,z
is observed, and with increasing doping, the value of /,, increases. However, despite
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the increase, relatively little /. is observed in NS-FET at high concentrations. On
the other hand, it also increases with increasing /)y doping, which is accompanied
by a decrease in V,,. Therefore, this device with high doping is suitable for use in
low-power digital and analog circuits. It should be noted that higher doping increases
the Coulomb scattering rate and may decrease the mobility of current carriers [43].
As a result, when designing and manufacturing the device, the performance of the
device should be optimized according to the application. So far, some research has
been presented considering the effect of varying the concentration of current carriers
on the NS-FET drive current which can be considered [44, 45].

7.5 DIMENSION ASSESSMENT OF NANOSHEETS

One of the most important challenges of NS-FET node technology is choosing the
appropriate scale of nanosheets. Recently, significant research has been conducted on
the effect of nanosheet dimensions on the electrical characteristics of nanosheets. The
results showed that by choosing the appropriate dimensions and number of nanosheets,
the electrical characteristics of the device can be greatly improved to deal with the SHEs
[45—-48]. Therefore, it is necessary to evaluate the performance of the device depending
on the variation in the width and height of the nanosheets. g,, is one of the most critical
characteristics for evaluating the behavior of NS-FETs in analog circuits considering
changing the dimensions of the nanosheets. Increasing g,, improves the device’s perfor-
mance in digital logic by increasing transistor speed, gate transfer efficiency, and ampli-
fication factor [49]. In order to evaluate g,, in terms of variation in the width (NS,,) and
height (NVS),) of the NS-FET nanosheets, one can refer to Figure 7.11 (a). In this figure,
the variation of the maximum transconductance value (g,, ,,,) With respect to the dif-
ferent widths and heights of the NS-FET is shown. g,, ... increases almost linearly with
increasing width and height of nanosheets. This is obvious, because with the increase in
the dimensions of the nanosheets, the number of carriers increases, and as a result, g, y.
increases. An increase in the number of nanosheets also leads to an increase in g,,, .,
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terms of dimension variations of nanosheets [24]

Meanwhile

» &maax 108 FIN-FET and NW-FET in the same conditions (5-nm technology)

is around 100 ps and 50 ps, respectively [50].

Typically, the devices used in the design of analog circuits work in the saturation
region, in which /,, is independent of V,;. However, as the device shrinks and the

channel length shortens, the effect of V), on the electrostatics of the channel has an
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impact on the /,, and, as a result, an increase in g,[25]. Therefore, it is important to
study g, changes in nano regime devices. Figure 7.11 (b) shows the changes in g,
according to the change in the height of nanosheets. According to this figure, with
the increase in the dimensions of the nanosheets, g, has also increased. Considering
that increasing the dimensions of nanosheets improves g,, while decreasing g, it is
preferable to evaluate and optimize these two important parameters when design-
ing analog devices. Gate capacitors are divided into two types: intrinsic capacitors
and parasitic capacitors. As the dimensions of the device are reduced, the parasitic
capacitors increase, causing the device’s and integrated circuits’ speeds to decrease
[circuit-3nm]. Two important parameters in the analysis of analog devices are the
measurement of the total gate capacitor and gate-drain capacitor. Figures 7.12 (a)
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and (b) show the changes of C,, and C,,, according to the changes in the width of
nanosheets (NS,,) and the height of nanosheets (NS}), respectively. Changing the
dimensions of nanosheets by varying the active distance causes changes in the para-
sitic capacitors of the transistor [51]. As the dimensions of the nanosheets decrease,
both C,, and C,, capacitors decrease due to smaller out margins and less overlap.
One of the challenges in the design of nodes of sub-7-nm is the small capacitance of
the devices. This makes accurate measurement of capacitors difficult. Furthermore,
changing the g,, and capacitors of semiconductor devices causes a change in the
cut-off frequency (f;). As shown in Figure 7.13, increasing the width and height of
nanosheets increases the cut-off frequency. The studies conducted on the dimen-
sions of nanosheets cause significant changes in the analog parameters of the device.
Therefore, during the designing and manufacturing of NS-FET devices, optimal
dimensions should be obtained by taking into account all aspects.

7.6 ASSESSMENT OF USING HIGH-K DIELECTRIC AS GATE OXIDE

A primary solution for dealing with SCE during downscaling is to reduce the gate
oxide thickness (t,,). In the new devices, 7, has reached its critical limit, and further
thinning leads to tunneling and increased gate current, resulting in power loss. A
cost-effective solution is to replace SiO, with a high-K dielectric as the gate oxide.
This reduces the SCE while also lowering the gate tunneling current [12, 52-54].

In this section, the effect of using TiO, with K=40 instead of SiO, with K=3.9 as
a high-K dielectric on the electrical and electrostatic characteristics of NS-FET is
investigated [55]. K denotes the dielectric of the dielectric constant. Table 7.1 com-
pares the NS-FET device equipped with TiO, with other recent NS-FETs. It can be
seen that the use of high-K dielectric improves 1/l and SS.
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TABLE 7.1

Comparison of electrical characteristics in recent works on NS-FET [55]

Channel length Ion

(Lo) (nm) (uA/um) Ton /o S$S (mV/dec) Reference

14 290.5 - 68.10 [56]

12 699 1.2x10° 71 [57]

12 1410 1.41x10° 73.9 [44]

12 646 1.24x107 68.8 [55] when SiO, was used
as the gate oxide

12 779 2.5%107 70 [55] when SiO, was used

as the gate oxide

Figure 7.14 displays the effect of using high-K dielectric on transconductance
and output conductance in the NS-FET. As shown in the figure, the use of high-
K dielectric improves g,, and degrades g,, although the rate of degradation of g,
is relatively small. In addition, for the thinner nanosheets with a larger surface,
the device will have higher g, and lower g, [55]. Figure 7.15 shows the changes
of C,, and C,, in terms of normalized drain current when the gate oxide is SiO,
and it is TiO,. According to the figure, using high-K dielectric increases C,,
while keeping C,, almost constant. According to Equation (7.5), increasing C,,
causes a decrease in f. On the other hand, an increase in g,, causes an increase
in f; Therefore, according to what Figure 7.16 depicts, using a high-K dielec-
tric, the f; increases compared to the conventional structure with SiO, as a gate
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FIGURE 7.14 Comparison of the effect of using high-K dielectric (TiO,) instead of SiO, on
variation of g,,and g, in the NS-FET [55]
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oxide. Therefore, it can be said that the use of high-K dielectric in NS-FET
can relatively improve the analog parameters of the device. This is especially
important in low-power applications [55]. According to the results obtained in
recent research, the use of high-K dielectric in logic gates and digital circuits has
almost no effect on their performance [55, 58].
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FIGURE 7.16 Comparison of the effect of using high-K dielectric (TiO,) instead of SiO, on
variation of f;in the NS-FET [55]
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7.7 DIGITAL APPLICATIONS

Logic gates are the basis of digital circuits [58]. Therefore, it is important to study
the performance of the device from the perspective of logic gates. One of the
most important parameters that must be considered to evaluate the performance
of logic gates is the gain of the gate. On the other hand, in today’s high-speed
world of technology, the study of delay is of particular importance. Therefore,
the time behavior of digital circuits based on NS-FET should be evaluated and
optimized in the different number of circuit stages. In addition, since most digi-
tal circuits are designed for low-power applications, the power consumption of
digital gates is a hot topic. When designing and manufacturing NS-FET for use
in digital applications, it is necessary to evaluate several key parameters such as
gain, delay, and power consumption of logic gates. Recent research results show
that reducing the channel length reduces the gain [58] and speed of logic gates
based on NS-FET [24]. However, due to its novelty, research is still very sparse.
Therefore, analyzing the behavior of NS-FETs in the implementation of digital
circuits would be beneficial in the future.

7.8 CONCLUSION

By analyzing and evaluating the most recent scientific findings, this study attempted
to compare the structure and performance of NS-FET with other competitors in
the nano regime. By exploring the conducted research, the reasons for the supe-
riority of the NS-FET over Fin-FET and NW-FET in downscaling to sub-7-nm
were described. By comparing the behavior of the electrostatic characteristics of
NS-FET with Fin-FET and NW-FET in sub-7-nm nodes, we found that NS-FET
can be more effective in dealing with short-channel effects because of controlling
the gate over the channel range. In addition, the structure and electrostatic char-
acteristics of NS-FETs were investigated for analog/RF and digital applications.
The most important challenges of designing semiconductor devices, including the
effect of temperature variation, modifying the dimensions of nanosheets, using
high-K dielectric instead of gate oxide, and the amount of doping concentration on
the internal and output characteristics of the circuit, were evaluated and discussed.
Since nowadays semiconductor devices form the foundation of all electronic cir-
cuits in various applications such as analog, digital, dynamic, and static memory
types, the structure of the device must be optimized based on the type and require-
ments of the desired application.
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8.1 INTRODUCTION

“System on a chip” (SoC) is an enriching research field that involves miniaturization,
designing, and testing of transistors. Former trends in SoC design were concentrated
on perfecting the performance of the system without giving substantial consideration
to power consumption. Complementary metal oxide semiconductor (CMOS) has
been an extensively accepted technology for designing SoCs for decades [1]. CMOS
systems has become more pronounced in recent years through technology scaling,
especially multigate structures. Even though speed is saturated, the rising number
of transistors per chip, a reduction in size that follows Moore’s law, led to multi-core
processor chips. Technology scaling significantly outstands the system performance,
but it also allowed an increase in the complexity of systems in cost-effective ways.
One such challenge is the life of the battery and its power consumption. The growth
of energy-effective systems is becoming imperative with the extensively increas-
ing use of battery-operated systems. Longer battery life while maintaining efficient
performance mandates minimum power consumption. Still, power consumption has
become a major constraint in design specifications because of increased leakage
with every new technology development. In the advent of designing energy-efficient
and low-cost devices overcoming the said constraints, TFET (tunnel field-effect
transistor)-based devices have gained a lot of attention among various conventional
CMOS devices. Over the past years, there has been a mounting appeal for the TFET,
and there is extensive research being done on this transistor.

Applications such as the Internet of Things (IoT), wireless sensor networks
(WSN), biosensors, etc., demanded low-power cost-effective reliable devices, which
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led to a boom in studies on new circuits and system designs based on steep-slope
TFETs [2] to overcome MOSFET’s limitation of unavoidable increasing leakage
power while maintaining acceptable performance in low voltage operations. Amid
those emergent transistor technologies, TFET has become a reliable one due to its
compatibility with the CMOS process and negligible leakage current on the order of
fA/um [3].

8.2 TUNNELING FIELD-EFFECT TRANSISTOR

As one of the promising alternatives for the conventional MOSFET, T. Baba et al.
developed the tunneling field-effect transistor in 1992. The merits of TFET include
a subthreshold swing of less than 60mV/dec, reduced short-channel effects, ultra-
low-power operation, and reduced leakage currents. The band-to-band tunneling
mechanism is an awesome feature of TFET, which is responsible for the reduction
of leakage current and thereby enhances the ON-OFF ratio. TFET also offers high
speed and energy efficiency in the domain of ultra-low-power integrated circuits.
Tunnel FET can be seen as a proficient substitute for the MOSFET for ultra-low-
power and high-speed applications [4]. The construction of TFET is similar to
MOSFET with immense variation in the switching mechanism. The basic structure
of TFET is a gated PIN diode with a quantum band-to-band tunneling (BTBT) phe-
nomenon. Tunneling greatly increases the operating speed, with an increased I/
Iopr ratio and low threshold voltage.

A typical TEFT device structure consists of a PIN junction with a p-type source,
intrinsic channel, and n-type drain, in which the electrostatic potential of the intrin-
sic area is controlled by the gate terminal. This is depicted in Figure 8.1. The poten-
tial applied at the gate accumulates electrons in the intrinsic channel section. With
the gate bias reaching the threshold voltage, BTBT materializes when the conduc-
tion band of the intrinsic region aligns with the valence band of the P-region. BTBT

T L T

Source P+ Intrinsic Drain N+

Band to Band Tunneling

FIGURE 8.1 TFET structure and BTBT
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FIGURE 8.2 Characteristics of TFET

involves the variation of the position of the band gap of the intrinsic channel region
of the device relative to the source and drain energy levels. When a positive voltage
is applied to the gate of TFET, there is a sufficient narrowing of the band gap lead-
ing to tunneling, which in turn switches ON the device. In the OFF state, the gate
bias is low, close to 0 V, resulting in the misaligned broader band gap of the chan-
nel blocking the tunneling. Unlike MOSFET, TFET conducts for both positive and
negative values of gate voltage, with the band-to-band tunneling happening at the
source channel junction or at the channel drain junction. Thus, TFET is ambipolar
in nature [5].

TFE-based processors and digital ICs have a huge potential in today’s world of
mobile devices functioning on lower power budgets. In addition to the inherent char-
acteristics of the TFET devices, as shown in Figure 8.2, their compatibility and inte-
gration with CMOS devices on the same chip make them the most viable devices.
The unique characteristics of the tunnel FET direct the technology toward ultra-low-
power and compact new circuit topologies [1]. Various research has demonstrated a
rational variation of TFET technology including heterojunction and silicon-based
TFETs [6]. In hybrid applications, heterojunction TFETs (HTFET) are preferred
since the objective is to surpass the performance of conventional MOS devices while
reducing leakage currents. Silicon TFETSs, alternatively, offer a lower drive current
but also provide reduced leakage and are less constrained in reverse-bias operation.
In contrast to HTFETS, the fabrication of silicon TFET is well-matched with cur-
rent CMOS processes offering sensible production yield and seamless on-chip co-
integration with standard CMOS devices. Nowadays there is tremendous growth in
the market of battery-operated devices, which includes event-trigged novel devices
and sensors with long standby cycles demanding scaled-down supply voltages and
low leakages, providing a larger scope for TFET-based circuit and system design.
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8.3 SCOPE AND APPLICATIONS

8.3.1 TFET-BASED BIOSENSORS

The biosensor is a device that can generate electrical signals from the physiochemi-
cal reaction of biomolecules. The sensing process of the targeted biomolecule pri-
marily comprises two different stages: biomolecule detection and transduction [7].
The targeted biomolecules are analyzed at the detection stage and a measurable elec-
trical signal for further processing is generated from the physiochemical reaction in
the transduction stage [8].

Life-threatening lethal bio attacks such as the coronavirus position humans on
high alert. Invisible and rapidly spreading viruses make people’s lives so miserable.
Other than this, improvements in weapon technology pave the way for bio wars
with advanced bio warheads, which comprise pathogenic viruses or bacteria that
spread very silently and can take the lives of innocent people. In the modern-day
world, mitigation against biohazards is a huge challenge, and biosensors provide
enhancements and refinements for this issue with methodical tactics for biomolecule
detection. Biosensor technology has improved significantly since Clark et al. [9] dis-
covered the first enzyme-based biosensor in 1962. With fast, reliable, and accurate
detection, biosensors have had widespread applications ranging from the medical
field for early-stage disease detection and diagnosis, drug delivery, food processing,
environment monitoring, security, and surveillance.

In recent times, FET-based biosensors [10—12] have received a lot of attention
from researchers worldwide due to their superior properties like label-free detection,
small size, rapid response, reliability, the possibility of on-chip integration for ampli-
fication circuitry and sensors, and the possibility for mass production with low cost,
high selectivity, and reusability. To detect targeted biomolecules, the oxide layer of
the FET is employed with the bio receptors/bio-recognition element. Once these
receptors capture the targeted biomolecules, they undergo a conjugation process that
generates electrochemical reactions, and these electrochemical reactions lead to the
gating effect of the semiconductor device [13]. This gating effect changes the electri-
cal properties of the device and is characterized as the sensitivity parameters for the
detection of biomolecules before and after capturing the targeted biomolecules by
the receptors. There are many parameters with which we can measure sensitivity,
such as current ratios (Ioy/Iorp), the shift in threshold voltage (V ), and the variation
of ON current (Ion). Although FET-based biosensors are having a lot of advantages
among others, they are facing major issues, such as (a) scaling difficulties and short-
channel effects (SECs) experienced by the FET in the process of miniaturization
[14], and (b) theoretical limitations on the minimum achievable subthreshold swing
(SS > 60 mv/dec). These issues lead to narrowing the device performance and sen-
sitivity, and the thermionic emission of electrons in FET results in high power dis-
sipation. To avoid these problems, researchers have focused the new technology of
FET-based biosensors, i.e., TFET-based biosensors, which have low power and supe-
rior characteristics due to band-to-band tunneling of carrier and steep subthreshold
swing. Another crucial measurable parameter of biosensors is the response time. To
have a quick response, the subthreshold swing should be as low as possible. Since
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FIGURE 8.3 TFET as biosensors

the TFET can achieve an SS (< 60mv/dec) less than CFET, recently a lot of research
focusing on designing TFET-based biosensors. Full details about FET-based biosen-
sors are available in many literature surveys and research articles. Currently, there is
a lot of progress in the development of TFET-based biosensors.

TFET-based biosensors consist of an electrode 1-source and an electrode 2-drain,
and the region between the two electrodes serves as the bio-recognition element.
This element is responsible for receiving the targeted biomolecules and producing
electrical activity based on its reception. The working principle of TFET-based bio-
sensors is based on the fluctuations in the charge concentration provided at the sur-
face of the channel. These fluctuations are converted into gate voltage. Following
this, at the final stage, there is an increase in the drain current due to the tunneling
effect (Figure 8.3).

In 2012, Deblina et al. described a silicon nanowire-based TFET [SINWTFET]
biosensor for ultrasensitive and label-free detection [13]. The biosensor uses a single
nanowire to form the PIN structure with a gate, source, and drain. Above the intrin-
sic channel region, a thin silicon dioxide layer is laid which acts as a receptor to
identify the target molecules. The process of detection of biomolecules is done in
two different steps. The first step is to increase the surface potential for detecting
biomolecules since charge ions are present. The other step is to increase surface
potential due to the presence of the tunneling current.

R. Narang et al. [10] proposed the idea of a dielectric-modulated TFET biosen-
sor [15] using the dielectric-modulated FET design idea. In this type of biosensor, a
cavity region is created in the dielectric oxide layer of the device to capture the bio-
molecules. When there is a change in the dielectric constant value, there is a coupling
effect between the gate and oxide layer which causes channel bending. This leads
to the tunneling effect and causes changes in the drain current. In order to improve
the application, a single gate structure can also be replaced by a double gate [16, 17].

8.3.2  TFET-BASED STATIC RANDOM-ACCESS MEMORIES

The TFET also finds extensive applications in memory devices, specifically in static
random-access memory (SRAM). The efficiency of the SRAM constructed using
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TFET [18] is often compared to the conventional SRAMs. The increased popularity
of portable compact devices elevated the requirement for SRAM, and it is popularly
used in SoCs and high-performance VLSI circuits. SRAM optimization is of great
importance since these memories take up a significant amount of the chip’s space.
Fine-tuning of performance parameters may yield optimized total chip performance.
Complementary MOSFET nanoscale devices face a lot of significant difficulties in
terms of performance and power consumption [19]. As for the ever-increasing intra-
die parameter variability and power supply scaling, SRAM cell read and write sta-
bility is a major challenge in CMOS technology in nanoscale regimes. The TFET
has come to light as one of the capable replacements for CMOS with the design of
ultra-low-power memories due to negligible leakage current [20]. Optimizing TFET
circuits with a focus on SRAM designs to reduce leakage current has gained a lot
of attention recently. The noteworthy challenges in designing TFET-based SRAMs
include characteristics such as unidirectionality and lower ON current than CMOS,
resulting in a high degree of difficulty in sustaining a balance between stable read
and write operations, with reduced access times. Thus, TFET SRAM designs have to
be explored comprehensively in order to optimize area, stability, and performance.

8T SRAM is conventionally regarded as a more dependable memory unit.
Usually, 8T static RAM cells are read from a single side, while 6T SRAM cells are
read simultaneously from both sides. This exposes both of the internal nodes of the
6T static RAM cell to the pre-charged bit lines, which makes the 6T SRAM switch
its state in an undesirable manner [21]. Hence, the 6T SRAM cell is more vulnerable
than the 8T SRAM cell. The 6T SRAM can be made to execute read operations more
reliably by incorporating the read technique of 8T SRAM to 6T SRAM. In addition,
6T SRAM has around a 30% smaller area with better power efficiency and is pre-
ferred for power-efficient compact TEFT based SRAM designs. The 6T SRAM cell
is made up of six transistors, four of which are connected as inverters, where data
bits are stored as 1 or 0, while the other two operate as pass transistors controlling
the SRAM cell through the bit line. When the word line (WL) is at logic high, the
SRAM cell can be accessed. The amount of time taken to read and write determines
the speed of SRAMs, in other words, a propagation delay. Noise greatly interferes
with the operation of the SRAM, and it may affect the stability of the memory by
making it deviate from the intended functions. The static noise margin (SNM) is
used to measure the reliability of the memory cells. SNM also reflects the fluctua-
tions with the changes in supply voltage.

Figure 8.4 indicates the 6T TFET SRAM operation with outward transfer n-type
transistors [22]. In the TFET symbol, an arrow is used to depict the current flow
with the arrowhead at the position of the source. In read operations, both bit lines
are pre-charged at GND, and the current flowing from the cell pulls up the bit line
on the side storing logic 1, thus creating a potential difference between the bit lines.
In write operations, the bit line BLR is pulled up to V. In this case, with node V,
pulled down by bit line BLL to GND, the reverse biased transistor T2 leakage cur-
rent L, ,.., Which is high with Vg = =Vpp, aids in carrying out the write operation
by flipping the cell through positive feedback. The current flows through the transfer
and load transistor pairs in both read and write operation modes. The same transistor
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FIGURE 8.4 TFET-based 6T SRAM read and write operation

pair is allowed at the same time to pull down the internal storage node to GND dur-
ing write operations and forbids this node to discharge during read. Therefore, in the
6T-TFET SRAM design, in contrast to the CMOS, it is impossible to optimize read
and write stabilities separately. Consequently, a middle ground between the two has
to be found. TFETSs are viable in the standard a 6T-SRAM-bit cell-based design.

8.4 CONCLUSION

The structure of TFET, its characteristics, and its scope with specific applications are
discussed in this chapter. This will be useful for researchers who have just started
their research on TFET. There are numerous other TFET applications to investigate
in addition to those covered in this chapter.
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9.1 INTRODUCTION

The connectivity and interaction of “smart objects” to provide automatic services
constitute the fast-developing field known as the “Internet of Things” (IoT). New
markets require new memory specifications, which for the Internet of Things should
support extreme downsizing and drastically reduced energy usage [1-3]. There
is a huge requirement for low-power devices and devices with minimum areas.
Developers must therefore re-evaluate their design objectives by utilizing memory
in novel and creative ways. The vast memories (i.e., DRAM, Flash memory, SRAM)
used are charge-based, hence storing charge is the most important topic of con-
cern [4, 5]. A comparison of features of capacitorless IT-DRAM, 1T1C DRAM, and
SRAM memory technology is given in Table 9.1 [6].

The DRAM, consisting of a capacitor and a transistor, has shown very good reli-
ability results and has been integral for decades. But it faces technological and physi-
cal challenges due to the shrinkage of device feature size [6, 7]. For sufficient charge
storage, it needs a deep trench capacitor, or there is a need for stacking the capaci-
tor. So, it needs to be scaled a million times to meet today’s market requirements.
However, downscaling of transistors is very easy and essential for all applications
and is still going on. But downscaling of capacitors is very difficult. In addition, the
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TABLE 9.1
Comparison of capacitorless 1TT-DRAM, with other memories based on some
features

Features DRAM SRAM 1T-DRAM

Feature size 8F2 100F2 4F2

Storage node Capacitor Flip flop Floating region

Cell complexity One transistor, one Six transistors One transistor
capacitor

Speed Fast Very fast Fast

Read destructive Non-destructive Non-destructive

fabrication of capacitors is complex. Capacitors are the heart of the DRAM, i.e., it
is the storage region of the DRAM. Hence there is a need to replace the capacitor
(storage body) of the DRAM and think of some other alternative storage units for the
charges [5, 8-10].

9.1.1 CAPACITORLESS 1T-DRAM

Suppressing the capacitor is all that is required to affect an irreversible para-
digm change and to meet technical requirements. The concept of capacitorless
DRAM, i.e., single transistor DRAM, was introduced more than 20 years ago
in 1993 by Hsing-jen Wann and Chenming Hu in an IEDM meeting [11]. They
proposed a capacitorless DRAM (CDRAM) cell on an SOI substrate with a small
cell area, large read current, and simplicity in fabrication. Then many research-
ers worked on this concept. In the year 2002, a simpler IT-DRAM was intro-
duced [6]. It takes advantage of the body charging effect of PDSOI MOSFETs
and only utilizes three signal lines and a single channel. The main functioning
of IT-DRAM uses the concept of the floating body effect. The floating body of
the FET was used to store the majority of carriers. That’s why 1T-DRAMs are
also called floating body DRAMs (FBRAMS). Various device structures based
on capacitorless 1TT-DRAM were proposed with different working principles,
such as the surrounding gate MOSFET with vertical channel-based capacitorless
DRAM, DG IT quantum well DRAM, Si/SiGe double heterojunction bipolar
transistor-based 1-T DRAM, GaP-silicon transistor for 1'T-DRAM, 1T-DRAM
with an electron-bridge channel, etc. [3, 12-23].

Recently polycrystalline silicon-based capacitorless DRAM has also been pro-
posed in MOSFET as well as FinFET. Grain boundaries are formed in polycrys-
talline silicon which contains trap charges [24, 25]. Holes are stored under the
polysilicon region using the band-to-band tunneling mechanism. Various material-
based DRAM has also been introduced using band engineering [8, 26—30]. Carrier
lifetime engineering has also been done for the DRAM operation [31].
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9.1.2 OPERATION OF CAPACITORLESS 1T-DRAM

In capacitorless 1T-DRAM, holes are accumulated in the floating body during pro-
gram operation by high impact ionization, or GIDL [31]. In impact ionization, the hot
electron injection process is involved. This affects the trapped charges adversely. But
faster programming speed and a large sensing window need high impact ionization,
which can be achieved by applying high programming voltage [6, 21, 32]. Another
method is GIDL programming. In the GIDL method, hot electrons are not gener-
ated for the programming operation. Holes are generated using by the band-to-band
tunneling (BTBT) mechanism. But GIDL current is not enough to charge the body,
hence there is a need to supply an additional voltage for band banding [33-35].

Sense margin: This is the difference between the readl current (current after
program), and read0 current (current after erase). It is also known as the
programming window of the capacitorless IT-DRAM. It is denoted by SM.

Retention time: Retention time is the critical time when the DRAM loses half
of its initial charge. In other words, it can be quoted as the time when the
sense margin becomes half of its maximum value. It is denoted by t,.. And
as the device thickness is shrinking, the retention time is decreasing. So, it
is a major topic of concern for capacitorlessI T-DRAM with scaling.

9.1.3 SCALING CHALLENGES

The transistor widely used for DRAM memory was MOSFET. But downscaling of
MOSFET is very difficult beyond a certain limit, since short-channel effects (SCEs)
i.e., drain-induced barrier lowering (DIBL), subthreshold swing (SS), hot carrier
effects, etc. arise. These SCEs alter the device performance and increase the leakage
current. To overcome this problem, multi-gate devices were introduced. In multi-gate
devices, more than one gate controls the channel, hence the electrostatic control over
the channel is more, which enhances the device’s on-state current (I ,) and mini-
mizes the off-state (I ;) current, thereby improving the switching ratio of the device
and minimizing the power consumption [27, 36, 37].

There are many multi-gate devices such as FinFET, gate-all-around GAA FET,
pi-gate, DG-MOSFET, etc. Due to ease of fabrication and simple structure, FinFET
has been widely adopted [38—41]. Many companies such as Intel, Global Foundries,
TSMC, and Samsung are using FinFET for mobile phone and laptop applications.
In FinFET, the channel is wrapped by the gate from two or three sides known as
DG-FinFET or TG-FinFET respectively [42-46]. There are many applications
where FinFET can be used, such as in mechatronics, as a biosensor, hydrogen gas
sensors, and in memories [21, 47-52].

9.1.4 FINFET-BASED CAPACITORLESS 1T-DRAM

In this chapter, we will study FinFET-based capacitorless DRAM. There have been
many research breakthroughs in FinFET-based capacitorless IT-DRAM [32, 48,
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53-59]. The scalability of DRAM critically affects the retention time. In order to
prevent short-channel effects, as the gate length decreases, the channel impurity con-
centration increase. Storage charge decreases in the capacitor and the retention period
also shorten due to the degraded junction leakage characteristics caused by the rise in
channel impurity concentration. Similar effects are caused in the case of IT-DRAM.
The silicon thickness reduces the impurity concentration and also reduces short-
channel effects. Hence, retention time decreases because of increasing junction leak-
age. Additionally, due to the smaller volume of the floating body, the quantity of
storage charges also reduces with a smaller gate length. As a result, the sense margin
is reduced. Hence it becomes very difficult to scale a single-gate partially depleted
silicon-on-insulator MOSFET. To overcome these scaling challenges, E. Yoshida et
al. proposed a double gate FinFET DRAM (i.e., DG-FinDRAM) [60, 61]. The front
MOS structure works as a typical switching transistor in the DG-FinDRAM, and the
back MOS structure acts as the floating body storage node. Memory operations are
enabled even with substantially scaled totally depleted FinFETs because of proper
reverse-biasing of the MOS structure that stores excess holes in the floating body.
Hence the sense margin and retention time improve even at a gate length of less than
100 nm.

Reported, there were two gates controlling the operation of fully depleted
DG-Fin-DRAM. This requires a separate gate separation step and an additional
bias to store the hole in the floating body. Then a concept of partially depleted SOI
FinFET (PDSOI FinFET) based 1T-DRAM was proposed. This allows accumula-
tion of holes in a very thin fin and also no second gate is needed. The fully depleted
region of the PDSOI FinFET was used for scalability, and the PDSOI region was
used as a floating body for the storage of excess holes. The channel of the FDSOI
region was surrounded by a gate, and the extended channel region (i.e., the PDSOI
region) was surrounded by an isolation dielectric layer. The holes are generated by
impact ionization by high drain potential, and the erase operation is done for forward
junction current by supplying low voltage to the drain terminal [32, 53-55].

In this chapter, a novel solution is proposed in which the channel of the fully
depleted FinFET is extended and surrounded by isolation dielectric. (In other words,
we can say that the extended source and drain region of the PDSOI FinFET is sup-
pressed.) This new structure has less fabrication complexity. In this structure, the
extended channel region will be the extra storage region for holes. The operation is
carried out by a high impact ionization mechanism. The operation of 1T DRAM has
been described in Section 9.1.2.

9.2 DEVICE DESCRIPTION

The simulated structure of the proposed structure is shown in Figure 9.1. Figure
9.1 (a) shows the three-dimensional structure of the device. Figures 9.1(b) and 1(c)
depict the front view and top view of the device respectively. The front view is taken
as a view along the y- and z-axis, and the top view is taken along x- and z-axis. The
extended channel H,,, is clearly visible in Figure 9.1(c), which shows the side view of
the device along the x- and y-axis. The upper channel is overlapped by a gate from
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FIGURE 9.1 (a) Simulated 3-D structure of proposed device. (b) Front view, (c) top view,
and (d) side view of the proposed device

three sides, and the extended channel region is surrounded by isolation dielectric.
The holes are stored in the extended region. This is the floating body of the proposed
capacitorless IT-DRAM. The total fin height is 50 nm, the height of the extended
region is 10 nm, and the gate height is 40 nm. Hence, the height of the FDSOI
FinFET is 40 nm. The thickness of the fin is taken as 10 nm, and the channel length
is 60 nm. The source and drain are highly doped with a doping concentration of 1e20
cm. The channel is lightly doped with a concentration of lel6 cm=. The isolation
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TABLE 9.2

Parameters used in the simulation

Parameters Values
Fin height Hp (nm) 50

Fin width Wy (nm) 10

Channel length L, (nm) 60

Gate height H, (nm) 40
Extended fin height H,, (nm) 10

Gate workfunction (eV) 4.75
Isolation oxide SiO, and HfO,
Channel doping concentration (cm) lel6
Source/drain doping concentration (cm) 1e20

dielectrics used for the study are SiO, and HfO, with permittivity of 3.9 and 22
respectively. Table 9.2 depicts the geometrical design aspects with their dimensions
considered for the simulation of the proposed work.

9.3 SIMULATION SETUP AND MODEL DESCRIPTION

The simulation is performed using the visual TCAD tool Cogenda [62]. High impact
ionization models are used for the programming operation. Impact ionization is the
process in which electron-hole pairs are generated due to carrier drift in the presence
of a high electric field. The Selberherr II model is used for the generation of electron-
hole pairs through impact ionization. Lombardi is used as a carrier mobility model to
describe carrier mobility in the transistor. Fermi, hole mobility, SRH, and AUGER
recombination models are incorporated. The basic drift-diffusion level-1 equation
solver is used for program operation. Halfimplicit is used for all transient simula-
tions, which is five times faster than the DDM solver. The program/erase operation
is performed with high programming voltage i.e., drain voltage V4=2 V and gate
voltage Vig=1.5 V and forward junction current with low drain voltage i.e., drain
voltage V,s=-0.5 V and gate voltage Vg4=1 V. The P/E pulse duration is taken to
be 10 ns as given in international roadmap for devices (International Technology
Roadmap for Devices and Systems (IRDS)). The electrons are attracted toward the
drain due to this high voltage, and the hole gets accumulated in the floating region
which is the storage node for the holes. Then to hold the holes in the storage region, a
minimum hold voltage of V4= -0.1 V is supplied to the gate terminal, and the drain
voltage is kept at O V. The hole concentration and recombination rate are observed
after the hold operation. A non-destructive read is performed with a low drain volt-
age of V,s=0.3 V and a gate voltage of V;4=1.5 V. The biasing voltages for different
DRAM operations are summarized in Table 9.3. Figure 9.2 depicts the transient plot
of different operating voltages, i.e., drain to source voltage V4 and gate to source
voltage V4 for the operation of the proposed DRAM with a sequence of operation
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TABLE 9.3
Operating voltages applied to the terminals
Operation Drain voltage (V) Gate voltage (V) Source voltage (V)
Program (Write 1) 2V 1.5V ov
Erase (Write 0) -0.5V 1V oV
Hold ov -0.1V ov
Read 0.3 1.5V ov
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FIGURE 9.2 Transient plot of biasing voltages. (a) Drain voltage V¢, (b) gate voltage Vg4
given for Writel-Hold1-Read1-Write0-Hold0-Read( operation sequence for a time period of
10 ns

Writel Writel-Hold1-Read1-Write0-HoldO-ReadO with respect to the time in ns. The
time period is 10 ns for each operation.

9.4 RESULT AND DISCUSSION

The electron-hole pairs are generated through impact ionization. The holes are accu-
mulated in the extended channel region. Figure 9.3 shows the I;,i-V ;¢ characteristics
of the proposed work with and without impact ionization with different isolation
dielectric oxides. It can be observed from the graph the effect of impact ionization
on the channel potential, and the kink effect observed in the graph shows the storage
of extra holes in the floating body. This shows how the impact ionization can elevate
the hole concentration, thus enhancing the DRAM performance.

The high k isolation dielectric HfO,-based device offers the lowest off-state cur-
rent, highest on-state current, and steepest subthreshold slope. The potential across
the extended region is more effectively controlled by gate bias due to the high per-
mittivity of the isolation dielectric, which enforces the capacitive coupling through
the isolation dielectric oxide. This improves the current drivability and is highly
immune to short-channel effects.
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FIGURE 9.3 I,5-V 4 characteristics of the proposed work with and without impact ioniza-
tion with different isolation dielectric oxides

The carrier generation, recombination, and diffusion control the retention charac-
teristics of the device. Hold bias can practically control it. The hole density is high-
est after the program operation (writel) i.e., 1.651e20 cm. Holes are stored in the
source side of the channel. The majority of holes are saturated in an extended chan-
nel. This is also because of the high electric field near the channel-drain junction of
approximately 2.953e6V/cm and the impact ionization rate of 6.254e31 cm/s on the
drain side. Figure 9.4 shows the contour plots of the impact ionization and electric
field of the proposed device. Figure 9.4(a), and 4 (b) shows the impact ionization
after the writel operation, which is highest at the drain-to-channel junction. As the
drain potential is high, the rate of impact ionization is very high. The contour plot of
the electric field profile can be seen in Figure 9.4 (c), which is at the channel region.
The electric field is highest at the drain-to-channel junction. However, some holes
are also accumulated in the source side of the device. The positive drain potential
attracts electrons, and holes are left at the source side, and some are in the channel
region. The rate of recombination is also very high at the source side i.e., 2.253e31
cm?/s. These values are summarized in Table 9.4 for SiO, isolation dielectric oxide.

The drive current of the capacitorless IT-DRAM is modulated by the hole con-
centration of the device. This can be confirmed from Figure 9.5, which shows the
variation of hole concentration after the DRAM operations (W1-H1-R1-W0-HO0-RO0)
with respect to a time period in ns. After the program operation, the hold opera-
tion is performed. The holes are accumulated in the channel region. The major-
ity of the holes are stored in the extended channel region due to impact ionization.
The density of holes after the hold bias is applied increases. Due to this, the drain
current is also enhanced. It is very high i.e., approximately 9.16e—5 A. This can
be seen in Figure 9.6, which shows the read current after the DRAM operations
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(a)

FIGURE 9.4 Contour plots of (a) impact ionization which can be seen at the channel-drain
junction, (b) zoom view of impact ionization at junction profile, and (c) electric field of the
proposed work after the program operation

(W1-H1-R1-W0-HO-RO) with respect to a time period in ns. Then hold bias is applied
after 10 ns. A large number of holes are already accumulated after the program
operation by impact ionization. Then read bias is applied, in which some holes start
escaping. When the erase operation is performed, the hole density reduces to 4520/
cm?. This is because of the negative drain voltage applied. Then hold bias is applied
and the hole concentration starts increasing. This is because of the thermal gen-
eration and tunneling of the carriers. Figure 9.7 shows the increment in the hole

TABLE 9.4

Some important parameters after
the program operation of
capacitorless TT-DRAM

Parameters Values
Hole density 1.651€20 cm
Electric field 2.953e6 V/cm
Impact ionization 6.254e31 cm™/s

Recombination 2.253e31 cm™/s
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FIGURE 9.5 Hole density variation for different operations (Writel-Hold1-Read1-WriteO-
Hold0-Read0) for the proposed device
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FIGURE 9.6 Drain current of the device for different operations (Writel-Hold1-Readl-
Write0-HoldO-ReadO0) for the proposed device

concentration with an increase in the hold time. After a certain time, the hole con-
centration starts saturating.

The hold voltage we are taking is VGS= -0.1 V, VDS= 0 V. The hold voltage
should be selected correctly. If we are considering a large negative gate voltage for
hold bias voltage, this will increase the band-to-band tunneling, hence the leakage

after state, thus, increasing the readO current. This also increases the charge accu-
mulation after the writel operation.

9.5 CONCLUSION

In 1T-1C DRAM, to increase performance, the capacitor needs to store more
charges, and for this, the size of the capacitor cannot be reduced. In addition, the
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FIGURE 9.7 Hole concentration after the erase operation with respect to hold time for the
proposed device

fabrication and scaling of capacitors face many challenges. So the best way for the
scaling of DRAM is to suppress the capacitor and find an alternative method for
the storage of charges. Hence the concept of capacitorless I T-DRAM was intro-
duced. The capacitorless I T-DRAM appears to be the most promising option con-
sidering the speed, capacity, and high performance of its embedded memory. One
other advantage of this design is that it has less structural complexity and even
requires minimum die area. Hence the cost of fabrication is reduced. To achieve
a high sensing margin and retention time, a novel solution has been proposed in
this chapter. To extend the channel region as in the PDSOI- FinFET, the whole
fin was extended downwards. In this proposed solution, only the channel region
is extended, which would be a buffer layer for the holes, and the holes are stored
in this extended region. Using this concept, the retention characteristics of the
device are improved, although there is still a trade-off between the scaling of the
memory and the retention period. As the device is scaling down, the retention time
is decreasing because the recombination rate is increasing in the floating body.
Structural and material optimization could be helpful by providing new models
and engineering techniques to overcome this issue.

In the near future when new multi-gate structures will be used, capacitorless
IT-DRAM will be the most promising embedded memory node with low power
consumption.
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10.1 INTRODUCTION

The very large-scale integration (VLSI) method has been employed by research-
ers for a long time. It refers to the process of assembling millions of transistors
into a single chip to form an integrated circuit. The development of novel tech-
nologies due to breakthroughs in VLSI reduces design limits while also further
enhancing circuit frequency [65]. The tendency of miniaturization has moved on
to electronic devices. All modern smart devices come in small, transportable,
and compact sizes. The memory and processor are the two circuits that are most
frequently seen in these devices. Memory is becoming more and more necessary
for the majority of designs.

In today’s development, memory takes up more than 85-90% of the chip space.
SRAM and DRAM, two memory technologies, provide substantial performance for
solid-state drives (SSDs). Therefore, there is a requirement for robust as well as effi-
cient memory for multiple integrated devices. SRAM [1, 2, 54] plays a crucial role
in VLSI applications due to its low power and high performance. Leakage problems,
process instabilities, and SCEs (short channel effects) are all caused by reliability
challenges in complementary metal oxide semiconductor (CMOS) design [3, 65].
SRAM is much quicker, more reliable, and uses less power [4], although it has been
restricted by CMOS scaling, causing process changes [35, 6].

The major issue in CMOS devices is that supply voltage scaling causes thresh-
old voltage scaling. Moore’s law has changed CMOS scaling into a nano-scale
system [7]. As a consequence, CMOS scaling has reached its limit, with FinFETs
[8], tunnel FET (TFET) [9], and carbon nano tubes (CNTs) [10] as potential solu-
tions. Within these alternatives, FinFET technology [11, 12] is selected as the
best solution for CMOS. FinFET has various benefits over bulk CMOS, includ-
ing higher speed, higher drive current per transistor footprint, reduced leakage,
no random dopant fluctuation, less power consumption, improved mobility, and
transistor scaling.

To reduce the leakage current and the power consumption, several low-power
methods are used such as variable threshold CMOS (VTCMOS), multi-threshold
CMOS (MTCMOS), self-controlled voltage level (SVL), stacking, and power gating.
SRAM is first designed using classic CMOS. Moreover, this causes issues such as
increased leakage current and excessive power loss, which degrades SRAM per-
formance. Memory must have a low leakage current, a fast access time, and a low
power dissipation. As a result, FinFET-based SRAM cells are recommended over
CMOS-based SRAM cells [13]. When compared to CMOS-based design architec-
tures, FinFET design reduces SCEs [14]. Additionally, it is important to reduce the
leakage characteristics of SRAM cells in order to increase cell durability [15].

This chapter is organized as follows: the next section discusses FinFET tech-
nology and SRAM architecture. The purpose is described in Section 10.3 and the
outline of various FInFET SRAM cells. Section 10.4 discusses the assessment met-
rics. Section 10.5 then covers the analytical results of FinFET SRAM using various
technologies. Section 10.6 is a comparison of many similar works. We finish with a
conclusion in Section 10.7 which is followed by references.
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10.2 BASIC CONCEPTS AND RELATED TERMINOLOGIES

10.2.1  FIN FIELD-EFFECT TRANSISTOR TECHNOLOGY

FinFET technology is one of the most appropriate types of FET [16]. This allows
for quicker execution and simulation of transistor applications in both analog and
digital domains. FinFET appears to be a viable solution for future nanoelectronics
because of its low susceptibility, high efficiency, cheap production costs, and low
power requirements [17, 18]. FinFETs can be used to replace bulk CMOS transistors
[19]. Because of its low leakage current and low standby power, this technique is
suitable for the construction of memory circuits [20].

The FinFET structure is considered. It is also known as a substrate-based multi-
gate device (MGD). A double gate system is formed by placing the gate on two,
three, or four sides of the channel. On the surface of silicon, the source or drain area
forms a “fin”. FinFET is also known as a multi-gate transistor. The FinFET model
incorporates the following zones: a gate-oxide region, a poly-silicon area with high
doping, a silicon fin with low doping, and a contact zone with high doping between
the source and drain. Figure 10.1 shows a diagrammatic illustration of a FinFET [21].

FinFET architecture provides a variety of design alternatives. It performs in a
wide range of modes, including IG, TG, hybrid, and low power. The combination of
IG and low-power mode is commonly referred to as the hybrid mode [22]. In terms
of fabrication, FinFET devices are identical to CMOS devices. However, FinFETs
provide high-performance benefits at relatively low power. FinFET devices are uti-
lized to reduce SCEs and gate-dielectric leakage currents. FinFET is a promising
solution for bridging the technological gap between bulk CMOS and new devices
like graphene FETs. Hence, FinFET technology is offered as an innovative approach
for developing an ultra-low leakage SRAM cell.

It is important to mention some of the advantages of FinFETs which are:

e Channel doping insensitive

e Superior SCE control and better matching

e Higher revenue and reduced cost

e More compact and more efficient in driving current

* Density scale above flat devices (up to 20nm of the substrate)
e Significant effective channel size

e Smaller threshold and source-drain leakage

10.2.2 SRAM MEMORY ARCHITECTURE

SRAM is a type of memory that stores data in a static state until the memory is pow-
ered up. SRAM does not require a periodic refresh. It is a volatile memory, which
means data is lost if it is not powered. To save each bit, SRAM employs bi-stable
latching circuitry. SRAM is employed in CPU memory caches, desktops, PCs, and
disks. Figure 10.2 represents the architecture of SRAM memory [23].

The SRAM array is composed of a sense amplifier, a set of SRAM bit cells, a
pre-charging circuit, a write driver, a word line driver, and an address decoder. A
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FIGURE 10.1 Diagrammatic illustration of a FinFET in 3D (a) and 2D view (b, c¢) [21]

large number of words are kept in a single row and are retrieved at the same time.
The address word is subdivided into row and column addresses. The SRAM cell is
also known as a 1-bit SRAM cell or bit-cell because it has a latch circuit with dual
main operating states. The data in the storage cell can be described as a logic “1”” or
a logic “0”. Each SRAM cell has three operating states: hold state, read state, and
write state.

SRAM memory cells are typically constructed using basic cross-coupled invert-
ers connected back-to-back, as well as two access transistors [24]. When a word line
is enabled for read or write operations, the access transistors that link the cell to the
complementary bit line columns are set ON. Some features of this circuit architec-
ture include low static power dissipation, medium power usage, low leakage current,
and reduced time required to access data [25, 26].
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FIGURE 10.2 Conventional SRAM memory architecture [23]

10.3 FINFET-BASED SRAM CELLS

The primary objective of this study is to explore different SRAM memory designs
based on FinFET technology. Work feature innovation, flexibility, corner impact,
and volume inversion are among FinFET’s distinguishing characteristics. The
FinFET-based layout provides enhanced performance, lower costs, and increased
circuit functionalities.

In order to preserve an adequate production outcome, an advanced circuit
approach is required to fill the gap between power, area, durability, speed, and reli-
ability. FinFET-based architectures are presented as a viable solution to bulk devices.
Many ways have already been developed, mostly to decrease static power dissipa-
tion. Therefore, these technologies can only reduce the changes in leakage current.
So, new FinFET-based SRAM cells are used to enhance cell stability and reduce
leakage current.

10.3.1 FINFET-6T SRAM CELL STRUCTURE

Two cross-coupled (2-CC) inverters and dual access FinFET transistors are included
in the 6T (six transistors) SRAM [27]. The 2-CC inverters are composed of four
transistors known as M1, M2, M3, and M4. Each bit in SRAM is saved on these
four FinFET transistors. M5 and M6 are the two access FinFETs, and the source

terminals are joined to BL (bitline) and BL (or BLB). Because it takes up less space,
the 6T SRAM cell is a popular basic used cell. When WL (word line) = 1, the dual
access FinFETs are activated, and the bit lines are coupled to a latch that executes a



210 Device circuit co-design issues in FETs

read or write operation. When WL = 0, the access transistors are turned off, and BL
and BL are disconnected from the latch. A schematic illustration of a FinFET-based
SRAM.6T cell is shown in Figure 10.3 [27].

Read, write, and hold are the three basic functions [28, 29] in the SRAM memory.
WL is connected to the ground in hold mode. As a result, transistors M1 and M2 turn
off, separating the latching circuit from the bit lines. The remaining transistors M3,
M4, M5, and M6 constitute a latch structure that maintains stored data until the bit
lines are disconnected. In read mode, pre-charge the bit lines to VDD, connect WL to
VDD, and turn on the transistors M1 and M2. If Q = 1 and Q = (), the transistors M3
and M6 are turned off, and the transistors M4 and M5 are turned on. As a result, the
voltage level of BL remains constant at VDD while the voltage level of BL decreases.
In write mode, WL is connected to VDD and turns on the transistors M1 and M2.

10.3.2 FINFET-7T SRAM CELL STRUCTURE

Figure 10.4 shows a model of a 7T-FinFET SRAM cell. The 7T (seven transistors)
cell design with two 2-CC inverters and four transistors M3, M4, M5, and M6, in

|Voo
BLB

BL

CR=2

PR=1

Lys=16 nm

Wxs =18 nm

Tys=5nm e

: T :
: A : :

FIGURE 10.3 FinFET 6T SRAM cell structure [27]
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FIGURE 10.4 FinFET 7T SRAM cell structure

addition to an extra transistor M7 are connected to the WL [30, 31]. Dual access

transistors M1 and M2 are also connected to the BL and BL , respectively. The leak-
age issue in the 6T cell is fixed by introducing the 7T FinFET structure. The M1 and
M2 transistors are connected to WL to carry out the read and write operations. The
dual bit lines are used as input or output nodes for reading and writing in order to
recognize data from SRAM cells utilizing a sense amplifier.

In hold mode, the WL is switched off, and the transistors M3 and M4 become
inactive. A sub-threshold leakage current passes through the transistors in the off
state because of logic 0 in the SRAM cell. Furthermore, the extra transistor M7
provides both feedback connection and disconnection, and the SRAM cell is entirely

dependent on the BL to complete write operations [32, 33].

10.3.3 FINFET-8T SRAM CELL STRUCTURE

To solve the restrictions of the 6T cell, the 8T (eight transistors) FinFET SRAM cell
is proposed [34]. The major aspect is that the read and write functions are not sepa-
rated. The cell with the lowest static noise margin (SNM) in reading mode may have
better writing capabilities. As a result, if the read and write functions are properly
isolated, circuit designers have complete flexibility in improving read and write pro-
cedures. Figure 10.5 presents a schematic illustration of a FinFET-8T SRAM cell.
The 8T structure is designed to split read and write operations to provide increased
stability while permitting low-voltage operations [34, 35]. The 8T configuration
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FIGURE 10.5 FinFET 8T SRAM cell structure

indicates that the integration of two FETs to a 6T cell structure provides a read proce-
dure that does not disrupt the cell’s internal nodes. As a consequence, this operation
needs a distinct read word line (RWL) and write word line (WWL). RWL is activated,
and RBL (read bitline) is pre-charged to operate in reading mode. If 1 is kept at Q, the
M6 transistor goes on and produces a low resistance channel for the cell current flow
via RBL to ground (GND) as recognized by the sense amplifier [36, 37].

10.3.4 FINFET-9T SRAM CELL STRUCTURE

The 9T (nine transistors) FinFET SRAM cell is mostly composed of dual sub-sec-
tions [38—41]. The highest part of 9T SRAM is identical to the 6T cell architecture,
which constitutes M1, M2, M3, M4, and Q. This principal sub-section is used to hold
information. The other part of 9T SRAM has two bitline access transistors M5 and
M6 and one read access transistor M9. The data contained in the cell determines
how transistors M8 and M7 operate. M9 is dependent on a distinct read signal (RD).

Write bitline (WBL) and WBL control the write access transistors, which conduct
write access. Furthermore, read access transistors perform read operation that is
regulated by read word line (RWL). There is a schematic illustration of a 9T FinFET
SRAM cell architecture in Figure 10.6.

To rectify the leakage issue observed on the 8T cell RBL, a 9T cell architecture is
developed. This allows data to alter during read procedures. The 8T cell is restricted
to low-density applications that can be handled with the 9T structure (by introducing
an M9 transistor between the M7 and M8). As a result, the stack effect phenomenon
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FIGURE 10.6 FinFET 9T SRAM cell structure

dramatically reduces leakage in BL. Stacking occurs in 9T SRAM when OFF state
transistors are coupled in series. As a consequence, the top transistor source voltage
in the stack will be slightly greater than the lower transistor source voltage. The
greater voltage of the top transistor raises the threshold voltage. This increase in
threshold voltage will minimize leakage.

10.3.5 FINFET-10T SRAM CELL STRUCTURE

The 10T (ten transistors) SRAM cell consists of four pull-ups, four pull-downs, and
two access transistors. This 10T cell is implemented to reduce power dissipation
and leakage current. The dual threshold voltage method is applied via transistors in
the read line, which improves the current ON/OFF ratio. RWL is connected to the

sources of M10 and M9 transistors. WWL, BL, and BL are also associated with the
access FinFETs. The write range is increased by the use of transistors M7 and MS.
The static current is reduced by assuming that access transistors are twice the size
of pull-up transistors. Except for access transistors, all other transistors in the 10T
architecture are limited to the shortest feasible gate length [42—-46].

Compared to the 9T cell design, FinFET-based 10T cell design reduces leakage
current by employing transistors M7, M8, M9, and M10. The two access transistors
are employed to interconnect the nodes for the read process. Because there is no
transfer of read current by storage nodes, read stability is well managed. To execute
a write operation, node Q saves 1 and node Q saves 0. By providing a high supply



214 Device circuit co-design issues in FETs

voltage, node Q is discharged through the access and the pull-up transistor, causing
it to be forced down to “0”.

10.3.6  FINFET-11T SRAM CELL STRUCTURE

SRAM 11T (11 transistors) is intended to reduce energy usage. Static power con-
sumption is a major challenge in SRAM engineering. This 11T design aims to reduce
static power consumption while enhancing performance in the sub-threshold zone.
The transistors M2, M4, M5, and M6 have the same properties as the 6T SRAM
cell. Furthermore, the size of the transistors M2 and M3 is downscaled to be similar
to the size of the PMOS transistor. The 11T cell has WL, BL, RWL, and read/write
interfaces [47, 48]. Since it has series-connected drivers, which are supplied by BL,

BL , and read buffers, this cell has a low loss of power.

10.3.7 FINFET-12T SRAM CELL STRUCTURE

The SRAM 12T (12 transistors) cell contains the transistors M3, M7, M4, M5, M8,
and M6, as well as dual read or write ports, M9, M1, M11, M10, M2, and M12.

WWL1, WWL2, BL, and BL are all column-based, whereas RWL and VGND
(virtual ground) are row-based. The decrease in power and current justifies the 12T
design [49, 50]. It is created for low-voltage use. The 12T bit-cell switches off the
supply voltage of the left or right half-cell during the writing operation to reduce the
pull-up network. This architecture accelerates the writing process without the need
for additional timing control or peripheral write help circuits.

10.3.8 FINFET-13T SRAM CELL STRUCTURE

The fluctuation impacts of an intrinsic parameter reduce the SRAM cell’s stability
properties. Among them are random dopant variation, line-edge roughness, and gate-
oxide-thickness difference. The 13T SRAM cell is intended to provide greater SM and
improved performance. The majority of these cells separate functions like read (R) and
write (W) to achieve higher NM. The 13T (13 transistors) design [51] consists of a CC
Schmitt Trigger (ST) inverter, dual transistors in the read line, and one MAL (W-Access
transistor), as well as MARI1 (R-Access transistor). The suggested description of the
ST13T SRAM cell comprises a design change with the transmission gate (TG) usage in
the access line. TG passes over the voltage range, i.e. (between “0” and “1”), boosting
device performance properly. FinFETs enhance power consumption by overcoming the
leakage issues of planar devices and delivering superior efficiency [52, 60].

10.4 PERFORMANCE ASSESSMENT METRICS

10.4.1 STATIC NOISE MARGIN (SNM)

The standard technique for measuring SRAM bit-cell stability is SNM. It is deter-
mined by the cell ratio (CR), supply voltage, and pull-up ratio (PR). SRAM cell
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V2 (V)
c

FIGURE 10.7 SNMs of drain/source-JLSiNT FET (a), drain-JLSiNT FET (b), and source-
JLSIiNT FET (c) based 6T SRAM cell [53]

stability depends on good SNM. CR is the ratio of the sizes of the driver transistor to
the load transistor during the read operation. The ratio of the sizes of the load transis-
tor to the access transistor is referred to as PR during a write operation.Figure 10.7
shows SNMs or butterfly curves of the 6T SRAM structure [53].

The driver transistor affects 70% of the SNM value. SNM determines both read
and write margins and is proportional to the threshold voltages of NMOS and PMOS
devices. If CR starts to rise, the DT size grows as well. Additionally, as the current
increases, so does the cell speed. SNM is therefore obtained in order to modify the
CR value. We acquired various SNMs in different SRAM cell technologies for sev-
eral CR values. This is given by the formula below:

SNM:i*min[ max ([V1-V2
2

\/5 —V2<u<0

) ’Og;iﬁg(\vl—m\)} (1)



216 Device circuit co-design issues in FETs

10.4.2 TEMPERATURE

The most essential metric to measure high temperature affects the device’s perfor-
mance when it is switched on or off. Power dissipation commonly causes a rise in
device temperature. If a temperature rise is detected, it may cause a circuit fault,
affecting power, performance, and reliability. Temperature can have a significant
impact on other design characteristics such as access time. Furthermore, when the
temperature rises, the leakage current may also rise exponentially in a FinFET
device. As a consequence, temperature is regarded as the most important perfor-
mance metric in VLSI circuit design.

10.4.3 POWER AND DELAY

Power and delay are key parameters in SRAM circuit design. The main advan-
tage of SRAM based on FinFET technology is its low access time and low energy
consumption. In SRAM, column height, as well as line delays, have a significant
impact on propagation delay. In conclusion, the segmentation technique reduces
the delay. It is known that oversizing the FinFET device minimizes the delay.
Leakage currents must be reduced using increased transistor threshold voltage
to reduce power delay.

10.4.4 POWER DELAY PRODUCT (PDP)

Power delay product (PDP) is determined using the transient analysis performance
of SRAM cells. It is a parameter for measuring a circuit’s energy usage. PDP is
defined as the product of gate delay and average power. Furthermore, PDP supports
processors that run at a lower frequency. For read and write operations, an optimal
SRAM cell requires a smaller PDP. The transistor size is chosen to get the lowest
possible PDP by optimizing the transistor size, which then reduces the delay without
boosting the power usage.

10.4.5 READ NOISE MARGIN (RNM)

Read noise margin (RNM) is used to assess the reliability of SRAM cells, and the
RNM is proportional to CR. To get better RNM, the pull-down FinFET should be
larger than the access transistor. The pull-up ratio is determined by the size of the
transistor. So, RNM increases as the pull-up ratio value goes up. Furthermore, the
read margin is exactly proportional to the CR. RNM technique analysis is compa-
rable to SNM one. The readability of an SRAM cell is described by RNM, which
is based on voltage transfer curves (VTCs). RNM is calculated using the transis-
tor’s current model. Pull-down transistor upsizing improves RNM, resulting in an
increase in access FInFET gate length. To avoid unintentionally writing 1 into an
SRAM cell, a careful FET device is required.
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10.4.6  WRITE NOISE MARGIN (WNM)

To write data into an SRAM cell we use write noise margin (WNM). It is the high-
est bitline voltage (BLV) that can twist the cell state of a FinFET -SRAM when the
BL voltage is set high. WNM is proportional to PR, and it improves as the PR value
rises. WNM voltage is the maximum noise voltage (NV) present at BL during a com-
plete write operation. Only when noise voltage surpasses the WNM voltage does a
write fail happens, and superior stability is represented by higher WNM. The use of
an access FInFET allows for a faster discharge of 1 and hence a faster write 0. Thus,
WNM improves with strong access at the read margin.

10.5 ANALYTICAL RESULTS OF FINFET SRAM
IN DIFFERENT TECHNOLOGIES

This section discusses the analysis of different SRAM cells in several nanometer
technologies. The performance study of 6T SRAM in 22 nm technology is shown
in Figure 10.8, and the tool utilized is a predictive technology model library. Figure
10.9 shows a comparison between 6T SRAM CMOS technology and 6T SRAM
FinFET technology [59]. Figure 10.10 compares the performance of 6T SRAM in
planar and FinFET technologies [60]. Figure 10.11 compares 7T FinFET SRAM
technology to different SRAM cells [31]; Tanner was used as the simulation tool.
Table 10.1 shows a comparison of 7T SRAM in the H-Spice tool [20].

Figure 10.12 illustrates a comparison between FiInFET 7T SRAM and 8T SRAM
[61] using the Cadence Virtuoso tool. Figure 10.13 shows a comparison of 9T FinFET
SRAM technology [62] in Cadence software. Figure 10.14 compares 10T SRAM and
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FIGURE 10.8 Performance of 6T SRAM in 22 nm technology (T =25 °C) [29]
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6T FinFET SRAM at 7 nm technology [63] in the Cadence Virtuoso tool. Figure
10.15 compares the 11T FinFET SRAM to different cells on 10 nm technology [64].
Table 10.2 compares 12T FinFET SRAM in 32 nm technology [50-56] with the
H-Spice simulator. Figure 10.16 compares 13T FinFET SRAM in 22 nm technology
[51] using the Cadence Virtuoso tool (V.6.1) [].

10.6 ANALYTICAL RESULTS OF FINFET SRAM
IN DIFFERENT TECHNOLOGIES

The used technology, device name, employed technique, and key characteristics
of various FinFET SRAM cells are compared in this section. The FinFET-based
SRAM comparison is shown in Table 10.3.

TABLE 10.1

Comparative analysis of 7T SRAM [20]

Technology Average power Delay (ns) Power delay
CMOS (22 nm) 0.169 0.129 0.0219
CMOS (16 nm) 0.139 0.223 0.0311
FinFET (22 nm) 0.023 0.090 0.0021

FinFET (16 nm) 0.015 0.002 0.0028
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TABLE 10.2
12T FinFET SRAM cell comparison at 32 nm technology [50]

Average power

Type Hold (nW) Read (nW) Write (nW)
12 T CMOS 180.79 161.30 201.61
12 T FinFET 14.06 45.64 60.06
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FIGURE 10.16 13T FinFET SRAM cells comparison at 22 nm technology [51]

10.7 CONCLUSION

Different SRAM designs based on FinFET technology were examined in this litera-
ture review. This chapter shows that it is optimal to design SRAM using FinFET, as
it provides lower static power consumption and latency than CMOS SRAM cells, and
the delay is also minimized in both read and write operations. FinFETs offer several
advantages over bulk MOSFETSs, including the fact that FinFETs were designed with
a process fabrication flow identical to the typical SOI CMOS process, while DG
MOSFETs have a complex manufacturing method.

Compared to other DG MOSFET architectures, FinFET offers a high package
density. FinFET-based SRAM models are offered to remove SCEs. Relative to typi-
cal MOSFET-based SRAM cells, these models demonstrate a considerable reduction
in leakage current and power dissipation. As a result, this chapter helps to improve
knowledge of the behavior of FinFET-based SRAM in which low power, high speed,
low leakage, and high performance are required.
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Furthermore, this FinFET SRAM architecture is well adapted for a variety of
electronic applications such as mobile technologies, embedded systems, CPUs,
processors, DSPs, SD-RAMs, and so on. They are often employed in various low-
power CMOS circuit applications. In the future, a multi-fin FinFET device might
be employed to improve the device’s driving efficiency. This enables the electronic
revolution to be faster and more reliable. Moreover, the manufacturing procedures
necessary to achieve such tight criteria are a topic that can be investigated in the
future. To improve performance, the transistor count may be minimized while devel-
oping the SRAM architecture.
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11.1  INTRODUCTION

No doubt, FinFET technology is the slogger of today’s semiconductor world. But as
demand for further scaling with a desire for ultra-low-power and high-speed appli-
cations results in undesired short-channel effects, a new transistor is required. Here
gate-all-around (GAA) devices come into existence. The GAA structure helps to
mitigate unwanted short-channel effects by enhancing channel controllability. In
GAAFETs, the channel surrounds all of its sides through a high-x and interfacial
oxide layer. Thanks to science and technological innovation, the GAAFET family
brings together different transistors and their competitive benefits. This chapter tries
to answer why and how 3D devices emerge. In addition to the limitation of FinFET
(a 3D device, gate surrounded by three sides), it further talks about the scope and
challenges of different competitive GAAFET members (nanowire FET, nanosheet
FET, junctionless nanosheet FET, complementary FET, and forksheet FET) of the
GAAFET family. It is worth mentioning that a smaller benefit of the device per-
formance exerts a massive performance enhancement on circuit-level applications.
However, the advantages of device enhancement concurrently exaggerate the limi-
tation of devices at circuit-level applications. So, an elaborated idea of GAAFETs
holding the benefits and challenges at the circuit is also discussed here.

11.2 THE TRANSITION FROM PLANER FETS TO 3D FETS

The shape and material of MOSFET change a lot from time to time, but it has had
the same basic structures since its invention: the gate region, the channel region, the
source, and the drain region. In the device, the source, drain, and channel are silicon
regions are doped with atoms of other elements to produce either a region with an
abundance of negative mobile charge (n-type) or positive mobile charge (p-type).
CMOS technology requires all types of transistors that make up today’s computer
chips. How transistor structure, shape, and size have changed are shown in Figure
11.1 in a sequential manner.

The earlier workhorse “planer FET” drove the industry for more than 30 years
from its birth. But the demand for miniaturization or to follow Moore’s law pushes
hard the technology to shrink down the device size. The adverse effects of scal-
ing down the planer MOS have given birth to newer silicon-on-insulator (SOI)
technology.

11.2.1 BENEFITS OF SOI OVER BULK MOS

Silicon-on-insulator (SOI) technology uses the idea of fabricating layered silicon-
insulator-silicon substrates to reduce parasitic capacitance and improve performance
[1]. In SOI-based devices, the thin semiconductor (mostly silicon) layer is above an
insulator, generally silicon dioxide (SOI) or sapphire (SOS). The insulator choice
mainly depends on the intended application. Sapphire performs well in radiation-
sensitive and RF applications, while SiO, reduces the short-channel effects in other
microelectronics devices.
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FIGURE 11.1  Structural evolution of transistors from planer to 3D technology

The benefits of SOI relative to conventional silicon (bulk CMOS) are as follows:

» Parasitic capacitance reduces due to isolation from the bulk silicon, improv-
ing power consumption performance.

e Resistant to the latch-up condition due to complete isolation of the n- and
p-well in structures.

e Operable to work at low V. Shows higher performance at the same V.

e Reduction in temperature dependency.

* Comparatively better wafer utilization gives a high yield due to high pack-
ing density.

* Reduction in antenna issues.

e Consideration of body or well traps is less necessary, as it does not show
any significant impact on device performance due to the separation of the
device from bulk.

e Higher power efficiency because of low leakage current owing to good
isolation.

The only drawback of SOI technology over conventional technology is its increased
manufacturing cost. As of 2012, only AMD and IBM used the SOI approach for
high-end processors, while other manufacturers like Intel, Global Foundries, and
TSMC used an older approach of silicon wafers to fabricate devices on chips.
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11.2.2 BENEFITS OF DUAL GATE OVER SOI

Farrah and Steinberg were the first to coin the idea of a thin-film double-gated transis-
tor (TFT) in 1967. Toshihiro Sekigawa patented the idea of a double-gate MOSFET
in 1980, where he demonstrated that the limitation of short-channel effects could be
considerably reduced by sandwiching an SOI device between two connected gate
electrodes. The use of DG-MOSFET in logic gate design gives significant improve-
ments over conventional single-gate CMOS design [2]. DG-MOSFET shows a good
response for high drive current comparatively to FinFETs.

11.2.3 THE EMERGENCE OF 3D TECHNOLOGY

As the dimension scaled toward the nanometer level, control of the channel region
from two side gates was insufficient to eliminate the short-channel effects. Scientists
tried hard to reduce this unwanted effect by changing channel, oxide, and metal
contact material.

Meanwhile, in 1996, Indonesian engineer E. Leobandung, while working at
Minnesota University, came up with the idea of cutting a wider MOS channel into
many narrower channels to do further device scaling and improve drive current by
enhancing channel width [3]. This led to a structure that is what the latest Fin-FET
seems to be. The growth in control of electrostatics in the channel by gate placing
different sides of the channel is shown in Figure 11.2.

Performance
&
Power Benefits

A

GAA FET/ f

Planer FET

FIGURE 11.2 Improvement in electrostatic control in the channel through technological
evolution [4]
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Later a group led by TSMC’s Chenming Hu and Hisamoto made the tabulated
quantum leap between 1998 to 2004; Tsu-Jae King Liu, a dean and a Carlson profes-
sor at the UC Berkeley College of Engineering gave this information during a confer-
ence on VLSI Technology Symposium [5].

They coined the name “FinFET” (fin-based field-effect transistor) in the year
2000 [5] to narrate a non-planar, multi-gate transistor. The key points with FinFET
over conventional devices (planer) are mentioned here.

(a) Advantages of FinFETs
* Offers good channel controllability even at a low voltage.
* Reduces leakage current associated with OFF condition by reducing
DIBL.
» Size shrinking makes it able to operate at a lower operating voltage.
e Smaller dimensions make it a power-budget device on the chip.
 Intrinsic (~1x10%) doping of the channel causes a few dopant-induced
variations.
* Comparatively, low retention voltage makes it suitable for memory
design.
* Short-channel effects are reduced.
(b) Disadvantages of FinFETs
e Low driving current.
* Increased parasitic capacitance.
* Distributed parasitics make its estimation more complicated.
* Because of the 3D structure, it demands a high aspect ratio.
e The feasibility of body biasing is no more.

11.3 GATE-ALL-AROUND TRANSISTOR FAMILY

Table 11.1 shows that up to 10 nm FinFET had been working satisfactorily until
2002. Scientists started looking to improve FinFET characteristics by changing gate
metal, oxide, and the channel region to make scaling continue.

GAAFET is very much similar to FinFET technology with only the excep-
tion of gates surrounding the channel region. As shown in Figure 11.2, GAAFET
surrounds the channel all over the side through a high-k metal gate; it provides a
high electrostatic control in the channel region. This controllability has become a
key achievement for low-power digital applications. The benefit of GAAFETs has
been effectively demonstrated using both theoretical and experimental methods.
Furthermore, the limitation of smaller ON current owing to small dimensions can be
improved using I1I-V materials with higher mobility. Additionally, InGaAs nanow-
ires, which have greater electron mobility than silicon, are successfully created.
GAAFETs are the successor to FinFETs because they can work at sizes below 7 nm;
even IBM demonstrates 5 nm process technology.

Note: As of 2020, Intel and Samsung planned for mass production of the multi-
bridge channel (MBC) FET at the 3 nm node. In contrast, TSMC continues to use
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TABLE 11.1

Performance improvement of FinFET through device design parameter

Breakthrough Inventor Technological node Year

n-type FinFET Group led by Digh Hisamoto and 17 nm 1998
Chenming Hu.

p-type FinFET Digh Hisamoto, Xuejue Huang, Sub-50 nm 1999

Chenming Hu, Wen Chin Lee, Leland
Chang, Charles Kuo, Hideki
Takeuchi, and Erik Anderson.
FinFET Chenming Hu, Nick Lindert, P. Xuan, 15 nm 2001
Yang-Kyu Choi, S. Tang, Erik
Anderson, D. Ha, Jeffrey Bokor, and
Tsu-Jae King Liu.
10-nm FinFET Shibly Ahmed, Cyrus Tabery, Scott 10 nm 2002
Bell, Jeffrey Bokor, Tsu-Jae King
Liu, David Kyser, Chenming Hu,
Leland Chang, and Bin Yu.
High-x FinFET D. Ha, Yang-Kyu Choi, Hideki 10nm 2004
Takeuchi, W. Bai, Tsu-Jae King Liu,
M. Ameen, and A. Agarwal.

FinFETs at the 3 nm technology nodes despite having gate-all-around transistors at
the research level.

11.3.1 THE NANOWIRE FET

Voltage scaling has been utilized with planar transistors for generations to reduce
power consumption. However, use was eventually constrained by short-channel
effects. The answer was Fin-FETs, which allowed for additional voltage scaling.
Regrettably, restrictions arise once again. The channel must have a gate completely
surrounding it in order to have optimum electrostatics control, termed a “gate-
all-around” (GAA) FET. Typically, GAAs are nanowires. For this technological
advancement, a research work of 1988 regarding vertical surrounding gate transis-
tor (SGT) [Figure 11.3], done by the Toshiba research team, including H. Takato, F.
Masuoka, and K. Sunouchi, became the foundation for GAAFET [6]. SGT works
similarly to a planer transistor in ON current with a very low OFF current (~10-4)
even in PMOS, ensuring excellent electrostatic in the um regime.

Later, in 2003, Yi Cu. et al. fabricated a high-performance silicon nanowire FET
(NWFET) of a 10~20 nm diameter with a gate length of 800 to 2000 nm [7]. The
scaling trend again causes lower driving capability. Targeting this issue, a twin 10
nm diameter silicon NWFET was designed in 2005, which gave a way to improve
driving capability by adding nanowires horizontally and vertically, as shown in
Figure 11.4 (a). The twin NWFET [inset of Figure 11.4 (a)] gives ON current in a
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FIGURE 11.3 (a) 3D schematic of vertical surrounding gate transistor (SGT) and 2D cross-
sectional cut of SGT across the plane a-a’ (inset), (b) SEM cross-sectional view, (c) I-V char-
acteristic of SGT, and (d) subthreshold characteristic of PMOS SGT [6]

range of ~2mA/um, no roll-off to the threshold voltage, a subthreshold swing of ~70
mV/dec, and ~20 mV/V of drain-induced barrier lowering, as shown in Figure 11.4
(b), (c) [8]. But horizontal and vertical stacking of NWs gives parasitic increment,
which ultimately causes a burden on device performance. This led to a structure with
no horizontal stacking, only vertical stacking, termed stacked nanosheet FET.

11.3.2 THE NANOSHEET TRANSISTOR (NSFET)

However, the integration complexities of nanowires outweigh the benefits. This
leads to the creation of a unique version of GAA, with all the advantages but mini-
mal complications. Researchers proudly introduced NSFET around the year 2017
[Figure 11.5(a)]. The 2-dimensional cross-sectional SEM view of the NSFET cut at
mid of channel is shown in Figure 11.5(b). The key advancement with NSFETs was
the device drive enhancement by sheet width in contrast to FinFETs, where only one
fin is allowed [9].

Further increment in ON current can be feasible by stacking the multiple chan-
nels vertically. Recent research advancement shows that a new way to increase the
ON current in NSFET is by interbridging the staked sheet [10, 11], shown in Figure
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Wire ehannel:

FIGURE 11.4 (a) Top SEM view of the nanowire at dia=10nm and gate length Lg=30nm,
with cross-sectional SEM view of nanowire covered by SiN (inset) and SEM of twin nanow-
ire (inset), transfer characteristics of (b) n+ poly-Si gated n-type twin silicon NWFET, and (c)
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TiN metal gated p-type twin silicon NWFET [§]

11.5(c), (d). This architecture can further be helpful in the mitigation of device self-
heating [12, 13] (Figure 11.6).
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Some points worth highlighting with regard to NSFETs are mentioned here:

e One advantage of NSFET is that additional area is not required to improve
speed. FinFETs need fins to be laterally added, while NSFETSs can be verti-

cally stacked.

e NSFETs are compatible with FinFET design. The designer can replace

FinFETs with NSFETs without changing the footprint.

e Performance (power, speed, area, accuracy, etc.) can also be improved
without an area increase that suits all applications, including Al, automa-

tion driving, 5G, and high-performance computing.

e NSFETs are the most advanced technology that provides solutions from

low-power to high-performance applications.
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FIGURE 11.5 (a) 3D structure of 3-stack NSFET, (b) 2D cut-plane cross-sectional SEM
view of NSFET at mid of channel [9], (c) 3D structure of 3-stack TreeFET, and (d) 2D cut-
plane SEM view of TreeFET at mid of channel [10]
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FIGURE 11.6 (a) Transfer characteristic of 2-stack NSFET & TreeFET, (b) compara-
tive analysis of ON current variation of 2-stack NSFET and 2-stack TreeFET with 3-stack
NSFET [11]
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e The key advantage of NSFETSs is their short-channel control, which plays a
vital role in threshold voltage (V) variation. Nanosheets offer fewer Vy4
variations, which is essential to achieving good performance.

¢ The remarkable thing is that it can be fabricated with minimal deviation
from FinFET (manufacturing methodology).

¢ Excellent electrostatics control. By varying the width and height of the
sheet, we can optimize capacitance and resistance with minimal compro-
mise to accuracy.

e Stacked NSFET offers versatile design options as per the consumer’s
requirements.

e It maintains tight control over leakage current by Iy of the order of 10'2.

e It shows a better subthreshold swing over FinFET.

NEGATIVE POINTS TO THE NSFET

It would be wrong to say that with perfection, there are no negatives. NSFET has
some drawbacks. Industry researchers and scientists are working hard to drive
NSFET toward the ideal. Some of the drawbacks points of the nanosheet transistor
are mentioned below.

e NSFET has a self-heating effect due to compact sheets that may cause the
cross-talk or falsely trigger itself.

e Decreasing the sheet width causes a decay in the speed of operation, as Iy
is directly proportional to the width.

 Increasing the width leads to an increment in I, current, but a simultaneous
increase in capacitance becomes a bottleneck to improved performance.

* Stacking multiple devices needs some optimized adjacent distance to make
isolation from cross-talk.

e Reduction in technological nodes through NSFET is limited for analog/RF
applications.

It is worth highlighting that further scaling is restricted due to the limitation created
by junctions. This restriction of device scaling can be reduced to some extent by
junctionless devices.

11.3.3  JUNCTIONLESS NSFET

For the time being, all the existing FETs are formed by selectively introducing the dop-
ant atoms into the bulk semiconductor, which forms the junctions. Scaling results in a
device dimension drop-down under the 10-nm node and demands extremely high dop-
ing gradients. To hold the laws of diffusion and the statistical nature of the distribution
of dopant atoms, these junctions cause increasing challenges in the fabrication industry.

In 2010, Jean-Pierre Colinge and his colleagues designed and proposed a new
type of field-effect transistor that has no junctions at all [Figure 11.7], and they found
that its electrical characteristics were comparable to the trending junction FETs with
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FIGURE 11.7 (a) Schematic of n-type junctionless nanowire transistor, (b) TEM image of
five parallel silicon-gated nanoribbons with a common polysilicon gate, and (c) zoomed view
of a single nanowire device [14]

more benefits [Figure 11.8] [14]. In the junctionless gated FETs, the silicon nanow-
ire (uniformly doped n-type) acts as a channel, and the gate material is of p-type
polysilicon, as shown in Figure 11.7(a). In the case of p-channel FETs, the opposite
dopant polarities are used [15, 16].

Si-based junctionless nanowire FET shows an ideal subthreshold slope of 60mV/
dec, {theoretically, the lowest value of SS =(k;T/q) In (10) at T= 300 K} to classical
FETs with extremely low leakage currents (~1x10'5A) and lesser mobility degrada-
tion due to gate voltage and temperature comparatively [Figure 11.8(a)].

When gate voltage (V) in JLFET is at V; <V 4 condition, the channel region is
depleted of the electrons, resulting in an OFF current; as the gate voltage increases
to the threshold voltage (V; =V y), a string-like channel of n-type silicon joins the
source and drain and drain current starts rising. At the above threshold situation
(V= Voy), the induced channel starts expanding in areas as soon as a situation of
flat band energy has been reached (Vg = Vg » V). The channel region simply
becomes a resistor, as shown in Figure 11.9.

Still, the limitation of the subthreshold region and the self-heating effect persists
in the nanoscale devices.

11.3.4 TUNNEL JUNCTION NSFET

The problem mentioned above seeks a new device that gives good channel control-
lability with the steep subthreshold slope, which can be targeted by tunneling phe-
nomena [17, 18]. Regarding this area-scaled nanosheet tunnel-FET (AS-NSTFET)
came into existence [19], as shown in Figure 11.10, with its improved transfer char-
acteristics [Figure 11.10(b), (c)]. AS-NSTFET improves ON current by utilizing area/
line tunneling rather than point tunneling [20] with an excellent subthreshold swing
of 20mV/dec and a very small OFF current.
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FIGURE 11.8 (a) Comparative analysis of transfer characteristics for junctionless FET
(JLFET) with conventional Trigate FET. I is below the observing limit of the measuring
instrument (1x10' A) with the I\/Iogg ratio larger than 1x10°, (b) the output characteristic of
p-channel, and (c) n-channel junctionless FET [14]

In order to achieve a higher ON current, the gate is extended over to the source
region, which gives the delayed V oy without much increment in the ON current
due to point tunneling. In order to invoke area/line tunneling, an epi-layer-based
TFET [Figure 11.10(d)] was designed, which gives improved ON current, as shown
in Figure 11.10(c).

The logic circuits today rely on pairing two types of transistors — NMOS and
PMOS. A separate interconnect is required to make such a pair. This restricts the
improvement in packing density. Sheet stacking-based FET shows extraordinary
compactness for such a combination using forksheet FET, a complementary field-
effect transistor (CFET).

11.3.5 FORKSHEET FET

Forksheet FET (FS-FET) generally consists of multiple vertically stacked sheets
controlled by a fork-gated structure [Figure 11.11(a)] [21]. By adding a dielectric
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FIGURE 11.9 The charge inversion created by gate voltage at different gate voltages [14]

wall between the pMOS and nMOS, the gate edge self-aligns with the device by
avoiding overlay margin and enables patterning simplicity. As a result, the p-gate
trench becomes physically isolated from the n-gate trench, which simplifies the
work function of metal fill during the RMG process. The further process flow
used for making the forksheet is like the one used for manufacturing nanosheet
FETs. This makes it an attractive natural extension of the gate-all-around
nanosheet FET flow. A highly magnified TEM image of a two-sheet stacked
forksheet is shown in Figure 11.11(b).

The I,-Vq curves for both nMOS and pMOS forksheet FETs give excellent sub-
threshold swing [Figure 11.11(c)]. A comparison of the gate pitch path of the fork-
sheet FET shows that it requires less area on the chip than NSFET and FinFET
[Figure 11.12]. FS-FET holds the advantage of robustness over the other two due to
the dielectric wall that exists between nMOS and pMOS [22].

Though forksheet FET gives more compactness than NSFET, it lacks electro-
static controllability due to reduced channel control in the z-direction (see Figure
11.12) compared to the typical NSFET. But still, most of the channel controllability
is provided by gate metals present along the y-direction rather than the z-direction,
hence still providing reasonable electrostatic control. Further scaling results in a new
structural modification of NSFET, where pMOS and nMOS sit one over the other.

11.3.6 COMPLEMENTARY FET (CFET)

Complementary FETs are a more compact version of a gate-all-around (GAA) tran-
sistor [23]. Traditional GAAFET stack several sheets/wires vertically or horizontally
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FIGURE 11.11 (a) Three layered forksheet transistors, (b) SEM image of FS-FET, and (c)
an approximate symmetric transfer characteristic for p-type FS-FET and n-type FS-FET [21]
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FIGURE 11.13  3D-schematic of complementary FET [24]

in order to enhance drivability. Any logical circuit demands a CMOS combination of
nMOS and pMOS due to its great benefits. Scaling beyond 2 nm led to a new idea to
stack nMOS and pMOS wires/sheet stacks on each other, as shown in Figure 11.13.
This “folding” of the nMOS and pMOS eliminates the nMOS to pMOS separation
bottleneck by reducing the cell active area footprint [24].

The key achievement of CFET is the area without compromising electrostatic
controllability [Figure 11.14]. CFET offers the same electrostatic control as a tradi-
tional GAA device.

Nanosheet FET Forksheet FET

1uuuu 0000

FIGURE 11.14 A regular degradation in chip area requirement from NSFET to CFE.
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11.4 CHALLENGES AND FUTURE SCOPE
WITH THE GAAFET FAMILY

Each member of the GAA family has advantages with a few hidden limitations.
The challenging points of the GAA members discussed in Section 10.3 hold criti-
cal scope for the innovation of novel transistors with improved reliability and com-
pactness. Further scaling of the fundamental technological node of individual novel
GAA members urges an in-depth observation of device reliability and short-channel
effect. For example, increasing the height of fins or placing more fins to get a high
ON current in FinFET again becomes a limitation of fragileness/scaling, respec-
tively. This led to research on the current hike concerning the height and width of
fins, which led to the invention of nanosheet FET [25]. On keeping scaling in mind,
further Iy improvement became feasible by stacking the sheet vertically, which
again gives rise to the degradation of drivability because of the self-heating effect
(SHE) [26, 27]. The improvement in device characteristics created by SHE is made
by incorporating hetero-dielectric structure at the gate in NSFETSs [28].

Stacking the sheet vertically in NSFET is also limited to a number because, beyond
that limit, the current does not increase proportionally owing to increase in path resis-
tance from source to drain for the bottom sheet. NSFET suffers from another limitation
of bias temperature instability due to scaling. PBTI/NBTI is the consequence of traps
(defects) charging and discharging under stress conditions where oxygen vacancies act
as the major traps in the gate dielectric. Larger width/height shows the aggravated PBTI
effects but less threshold voltage (V) variation [29]. Furthermore, using a vertical
combo spacer can help optimize the electrothermal behavior of GAA transistors below
7 nm. A 118% and 18% enhancement in I,y and Iyp: can be achieved using HfO, in
place of SiO,, respectively [30]. Though CFET shows extraordinary compactness of the
device on the wafer. It has a limitation of characteristic asymmetric behavior due to dif-
ferent hole and electron mobility, which cannot be compensated by the width increment
of pMOS, as pMOS is on the top of nMOS in CFET.

11.5 DEVICE-CIRCUIT INTERACTION

Phenomenologically, quantum effects are going to be more pronounced at the lat-
est advanced node, causing unusual and unexpected changes in the behavior of
nanoscale devices. These restrictions might not be the deal-breaker for circuit size
reduction. Electron momentum starts to impact the structure of the traces when IC
interconnections are so small that there is essentially nothing left of them to carry
current. The limitation of IC size scaling might not be entirely established by quan-
tum mechanics but by reliability loss caused by metal migration too, which not only
limits the scaling but also alters the behavior of nano-devices based on parasitic
increment, electric field alteration, and process limitation [31].

The limit is already being reached and began to have an impact a decade ago
when the smallest-geometry processes were specified with a mean time between
failures (MTBF) of less than a decade, which is now moving toward less than five
years. Will anyone buy an electronic item/laptop knowing that the MTBF of the chip
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is less than five years old? The answer is a big “no”, considering that simultaneous
device and circuit interaction is mandatory for cart IC-size scaling. These effects are
quantified in further sub-sections based on digital/analog applications.

11.5.1 DIGITAL DESIGN PERSPECTIVES

Memory storage is a fundamental performance and energy bottleneck in approximately
all computing systems. Storage as a digital application has billions of transistors per chip.
The increment of storage capacity without further increment of chip size demands the
accommodation of more transistors within the same size, provided they can be reliable
with a good life span [32]. This ongoing work in combating scaling challenges of NAND
flash memory is briefly discussed here. 3D NAND flashes have been investigated as a
significant challenger because of their potential to replace traditional 2D-floating gate
cells. Despite the inherent problems of process complexity and poor data retention, there
has recently been considerable progress toward mass manufacturing. Several challenges,
such as materials, cell architecture, and process, still need to be explored for a better
future. The NSFET-based 6T SRAM cell shown in Figure 11.15(a) is used to study how
the suggested device topology improves SRAM performance.

Delay and stability are two essential performance characteristics of the opti-
mized NSFET-based 6T SRAM that are analyzed with five crucial parameters: RAT,
HSNM, WAT, RSNM, and WSNM. Butterfly curves for different modes (hold and
read/write) are shown in Figure 11.15 (b), (c), and (d), respectively. The scaling down
of the channel length further degrades the SNM because of DIBL [33], while scaling
into thickness enhances the stability of SRAM at the same time. Again here, DIBL
plays a role in pull-up/pull-down FETs at a lower thickness of channel for stability
improvement.

The latest advance non-volatile (NV) memories, like PRAM, ReRAM, and STT-
MRAM, have gone through explosive research in the few years.

At the same time, DRAM technology is also experiencing difficult technology
scaling challenges to maintenance and enhancement of its capacity, energy effi-
ciency, and reliability, and it is significantly more costly than conventional tech-
niques. Some promising research and design directions to overcome challenges
handled by memory scaling are discussed regarding these issues.

¢ Enabling new DRAM building blocks, functionality, interfaces, and
enhanced integration of the DRAM with the other communicating system
(DRAM-System co-design).

¢ Designing a memory system using emerging non-volatile memory with tak-
ing merits of multiple different technologies (hybrid-memory architecture).

* Enabling predictable performance with quality of the system (QoS) to tar-
get sharing the memory system for high-priority applications (QoS-aware
memory systems).

Beyond 20 nm, DRAM is expected to scale down in iterations under the 1xnm
regime, such as 1xnm (for 16nm to 19nm), lynm (for 14nm to 16nm), and 1znm
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(for 12nm to 14nm). DRAM technology in the 1xnm range confronts significant
hurdles, such as obtaining adequate store capacitance and sensing margin. FET
cell capacitors with new materials should be explored to ease the challenges
with error detection and correction methodology. Along with this, DRAM has
been facing issues of performance degradation due to scaling, and it requires
advanced 3D transistors (GAA devices), which offer reliable and speedy perfor-
mance with low power. Without using conventional device geometric scaling,
a 3D integration with TSV offers a novel option for high density, high speed,
low power, and broader bandwidth. However, GAA devices have their own chal-
lenges of reliability and high manufacturing costs, which need to be overcome
before they can be commercially used [34].

Due to its fast read/write speeds and superior cycle durability, STT-MRAM
is thought to be the only non-volatile memory that can match the performance of
DRAM. PRAM and ReRAM are promising candidates to replace conventional
NOR/NAND flash and pioneer the field of memories.

11.5.2 ANALOG DESIGN PERSPECTIVES

As discussed above, there are too many scopes and challenges with GAA family
members related to memory-based applications, but what about analog circuits?
When it comes to obtaining optimal performance and functionality, analog design
is difficult to achieve. In a system, most of the tests and chip failures come from
analog design. Recently, a report by Cadence Design Systems showed that approxi-
mately 95% of field failures occur from analog blocks in the design because the
analog circuits not only demand benefits over speed, power, and area but also have
a huge demand like bandwidth and gain improvement, less signal distortion, sensi-
tivity to power supply variations, and other noise sensitivities like phase noise and
noise figure.

High voltage devices (HV devices) face a current limiting issue due to quasi-
saturation before the occurrence of channel pinch-off. With an increment in the gate
bias, huge drain potential drops occur in the drift region (below the drain termi-
nal). These push the transistors to operate in the ohmic region [Figure 11.16(b)],
ultimately reducing the overall transconductance. For example, these phenomena
(limitation of I,y & QS effect) are observed in a test circuit made of STI-DeMOS,
as shown in Figure 11.16(c). The high voltage high-speed (GHz) level shifter made
up of DeMOS for 5V operation gives a 15% improvement in the speed compared to
other counterparts as in [35].

11.6 CIRCUIT-RELATED RELIABILITY ISSUES

This section elaborates on why this is happening and what would be the right
approach to handle these challenges strategically. Analog circuits deal with higher
voltage swings, temperature, and electric currents, which means a designer must
manage thermal stress optimally without extra demand of area on the chip. That can
be possible by GAA devices using vertical stacking of sheets to get high drivability.
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FIGURE 11.17 Bathing-tub curve showing failure rate with respect to the circuit design
lifetime [36]

In the case of reliable operation, GAA members are struggling with self-heating
effects which reduce the signal noise margin. And things got more sophisticated as
the number of application types increased from a circuit. At that time, success totally
depends on choosing the right set of parameters to optimize. An optimized analog
design takes a high degree of process iteration and time from designers to pass the
project on time. Processing challenges in modern CMOS technologies have led to
several reliability concerns, resulting in deteriorated and over-lifetime product per-
formance, as shown in Figure 11.17. Reliability effects today include those related to
transistor aging, such as bias temperature instability (BTI) and hot carrier injection
(HCI), as well as interconnect degradation [36].

Though this is not a comprehensive list, some common reliability-related chal-
lenge issue and their diminution are discussed below.

11.6.1 TIME-DEPENDENT DIELECTRIC BREAKDOWN (TDDB)

The breakdown caused by high electric fields when passing through the gated oxide
is known as TDDB. This high-intensity electric field further generates traps and ulti-
mately results in stress-induced gate leakage current due to either an open or a short.
This is basically a time-dependent voltage, and stresses are applied to the device/
circuit with higher voltages exposed for a longer time, causing greater defects per
million impact.

TDDB can be handled by electrical checks to confirm that all internal and
external nodes in the circuit schematics/layouts avail the defined constraints.
Furthermore, modulation in the gate and channel currents at higher gate voltage
(Vi) must be correctly modeled in the file containing technology parameters while
verifying its consequences on the performance of the circuit. From being circuit
design perspective, this breakdown can be handled by selecting lower voltage
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FIGURE 11.18 Undriven nodes handling through clock gates

operating cells, which can be feasible through GAA devices. Stacked topologies,
which help to reduce HCI effects, can also be effective in the reduction of TDDB.
Techniques like slowing down slew rates and power gating prevent the exposure
time of the circuit to high voltages, hence restricting degradations. In the circuit,
TDDB can further be prevented by avoiding undriven nodes that can be altered by
capacitive coupling. Weakly stacked or undriven nodes are prone to undershoot
and can generate another concern with float nodes. It is always recommended to
do electrical rule checks so they can be easily identified and if required, a network
should be installed to discharge the accumulated a charge leaker network should
be added, as shown in Figure 11.18.

11.6.2 HoOT CARRIER INJECTION (HCI)

Advanced transistors (like GAAFET), due to short-channel, current flows because of
a large lateral E-field, generate electron-hole pairs (EHP) through impact ionization.
Some EHP-generated charge carriers dive into the gate, resulting in transistor degra-
dation. As aging is modeled, HCI directly impacts threshold voltage shift, mobility
degradation, and transconductance reduction. Generally, high load and slow slew
rates cause severe HCI degradation. Hence, this accounts for the higher time mar-
gin. The high power supply for long time periods is the forecaster of HCI failure in
analog circuits. In order to get sustained post-aging performance, the guard bands
should be applied at the time of design. Further, HCI degradation can also be con-
trolled in analog circuits by the V5 supply voltages, which can be achieved by con-
necting the diode-making circuit/device to limit drain-source voltage, as depicted in
Figure 11.19.



254

(@

pwrgate -q
pbias =q|

vce (1/0) |

VvCC

Diode Connected
PMOS

devices

For reduction of
stress on other

Device circuit co-design issues in FETs

(b)

VCC

\

of + 100 mV

Yank

Vief_COMP > Vo

Regulator

Circuit of

Interest

1.

Viet_comp =

>
>
>
> 10V
>

FIGURE 11.19 HCI mitigation from high VDS by (a) stacking a diode-forming device and
(b) by controlled supply [36]

11.6.3  BIAS TEMPERATURE INSTABILITY (BTI)

A phenomenon occurs at stressed bias voltage applied to the gate. It results in
degraded device performance, like an undesired threshold voltage increment of the
device when the circuit is imposed over long periods [37]. This BTI degradation can
be easily explained with the help of the atomistic trap-based BTI (ATB) model, as
shown in Figure 11.20(a). This gets worse in short-channel devices. PMOS suffers
from negative bias temperature instability (NBTI), while positive bias temperature
instability (PBTT) occurs in NMOS devices with positive stress. It is observed that
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FIGURE 11.20 (a) Explanation of NBTI degradation with ATB model, and (b) degradation
in threshold voltage due to BTI as time spent [37]
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PMOS devices are more susceptible to BTI; recovery is irreversible even with the
removal of stress. A contributor to temperature instability is that the carriers are
trapped in the gate oxide due to defects/breaking of silicon-to-hydrogen bonds, caus-
ing charge accumulation. Both BTT and HCI are proportionally dependent on the V4
or Vs, consequently degrading the threshold voltage (Figure 11.20(b)).

The gate stress and high voltages worsen the condition by increasing the failure
rate. BTI is aggravated at higher temperatures and also depends on the ON time
periods of a transistor.

11.6.4 DESIGN TECHNIQUES FOR RELIABILITY

In summary, we provide a few design techniques that need to be discussed to wrap
up the scope of challenges.

e Use GAA devices to form lower supply designs whenever possible.

e Make use of standard design guidelines, like good slopes having lower
fanout in logic paths.

e The power gating approach to limit currents has high performance and
activity factors.

e Paths must be optimized, like optimum dc paths and clock networks.

e Optimize and manage the dc and high supply currents in the system design.

e Create a path to discharge undriven nodes.

e The low-frequency clock may solve long-term effects such as HCI and BTI.

e Utilize duty-cycle correction, chopping, and offset cancellation, as well as
other approaches that regulate overall variance to manage currents across
process skews, temperatures, and voltages.

e Meticulously perform the floor planning, layout for reliability verification,
and degradation-aware standard cells.

These techniques can provide designs that are simpler to close from the perspec-
tive of reliability and reduce the process of design cycles in cleaning up reliability
flows. Ultimately, the failure rate can be lowered, and the design’s durability can be
enhanced.

11.7 CONCLUSION

It can be concluded that the scaling of devices is the focus of industry demand. As
the device structure changes from a planer to 3D structure, the demand for further
scaling with a desire for ultra-low power and high-speed applications leads to unde-
sired short-channel effects. In addition to the limitation of FinFET (3D FET), its fur-
ther advancement comes with the scope and challenges of different members of the
GAAFET family, viz. nanowire FET, nanosheet FET, junctionless nanosheet FET,
complementary FET (CFET), and forksheet FET. This chapter describes the accom-
plishments and issues related to GA A-based circuit-level design. Design techniques
need to be taken care of in relation to reliability issues when dealing with circuits
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containing 3D devices to benefit from the challenges. Device and circuit design chal-
lenges need to be quantified simultaneously to target demands.
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