INVESTIGATION OF HYBRID CMOS-NVM CIRCUITS
FOR EMERGING APPLICATIONS

ASHWANI KUMAR

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
FEBRUARY 2022



© Indian Institute of Technology Delhi (I1TD), New Delhi, 2022



INVESTIGATION OF HYBRID CMOS-NVM CIRCUITS
FOR EMERGING APPLICATIONS

by

Ashwani Kumar

DEPARTMENT OF ELECTRICAL ENGINEERING

submitted

in fulfillment of the requirement of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI

FEBRUARY 2022



Biswajit
Text Box



Biswajit
Text Box
to the



Dedicated to
that ultimate source of creation that resides in everything whatever existed,
exits, and will exist in the universe but unknown to most and known to some. It
designed me, fabricated me, tested me, motivated me, inspired me, helped me,
surprised me, puzzled me, and kept me connected to itself through various means

and manifestations.



faan o1 =1: g=eAT |

- Rig Veda, Mandala 3, Verse: 3.62.10

“MAY THE ULTIMATE REALITY AND SOURCE OF WISDOM & CREATION,
WHICH IS ETERNAL. SUCH POWER ENLIGHTEN OUR INTELLECT AND
GUIDE US TO THE TRUTH, KNOWLEDGE, RIGHTEOUSNESS, AND TRUE
INTELLIGENCE, I PRAY FOR THIS”



Pieces of Spiritual Wisdom Gained During This Research

- Sometimes just getting an experience is equally important as other

achievements/successes like publishing and patenting.

- Our behavior and attitude on difficult days become a part of our research

Jjourney and the foundation of our future life. These need to be observed.

- Selfless & sincere efforts towards research have the power to convert our

disabilities into abilities.

- Difficulties and adversaries always provide windows for self-improvements.

- Your past deeds cannot be erased off completely. You can not complete
anything fully. Trying to settle your current affairs to the best of your capabilities
and then move on is the key to keep yourself away from the vicious circle of

depression and stagnation.

- A day seems to be very long, but a week or a month passes by very quickly. It
happens because of our opposite innate understanding and ability to experience
time. Starting every day with new hope and motivation is the key to open new

avenues in research.



CERTIFICATE

This is to certify that the thesis entitled "INVESTIGATION OF HYBRID CMOS-
NVM CIRCUITS FOR EMERGING APPLICATIONS" being submitted by
Mr. ASHWANI KUMAR for the award of the degree of Doctor of Philosophy in
the Department of Electrical Engineering, Indian Institute of Technology Delhi, is
a record of bonafide work done by him under my supervision and guidance. The
matter embodied in this thesis has not been submitted for the award of any other

degree or diploma.

Dr. Manan Suri

Place: New Delhi
Date:

Associate Professor

Department of Electrical Engineering
Indian Institute of Technology, Delhi
Hauz Khas, New Delhi- 110016, India



ACKNOWLEDGEMENTS

Writing an acknowledgment and expressing my gratitude is like climbing a snow-
peaked mountain which is very difficult but beautiful and satisfying at the same
time. Earning a doctorate in any field of study is a long process, like growing up
as a tree in many uncertainties. But it all starts with a tiny seed of it in our little
brain. It is not easy to pinpoint the exact details of sowing the seed and finally
coming up as a tree full of fruits. It is not easy to formulate my thoughts to write
few words of acknowledgment about the particles and energies in different forms,
which directly or indirectly nurtured and provided the suitable ambiance from the

start of this journey to become the tree.

That being said, first and foremost, I would like to express my profound re-
spect, deepest admiration, and sincere thanks to my thesis supervisor Prof. Manan
Suri who always kept his faith in me through carrying out various research activ-
ities and collaborations. I learned a great deal of performing and envisioning the
research activities, which are complex and very relevant in contemporary times
and the future. I feel fortunate to work and learn with such an inspiring and
amazing personality at this stage of my career. His way of leading a disciplined,

hardworking, and proactive life has indeed been a source of inspiration for me.

I then thank my Ph.D. student research committee (SRC) members, Dr. Mukul
Sarkar, Dr. Anuj Dhawan, Dr. Saakshi Dhanekar, and Prof. Ratnamala Chatter-
jee. They have been excellent supportive and encouraging towards my research.

I would also like to thank our collaborators and their respective research agen-



i

cies for extremely fruitful and excellent teamwork. No matter how much I write
about their professionalism, humbleness, and supportive nature, that would be
less. Specially, Dr. Damien Querlioz and Dr. Nicolas Locatelli from "The French
National Centre for Scientific Research (CNRS)," Prof. Tuo-Hung (Alex) Hou
from "NanoST Lab, National Chiao Tung University (NCTU), Taiwan," Prof.
Ratnamala Chatterjee from "Department of Physics - IIT Delhi," Prof. Shouri
Chatterjee and Prof. Mukul Sarkar from "Department of Electrical Engineering
— IIT Delhi," Prof. Udayan Ganguly from "Department of Electrical Engineering
— IIT Bombay," Mr. Deep Sehgal and Mr. Avinash Singh from "Semiconductor
Laboratory — Chandigarh, India," and "CEA-Leti, France (fabricating our hybrid
CMOS-NVM structures),” have been excellent collaborators in the various re-

search activities which finally became the part of this thesis or influenced it.

I would also like to express my sincere thanks to my colleagues at IIT Delhi.
I know this list can never be completed, and in case I miss out on someone, I
sincerely ask for your forgiveness in advance. First, I would like to thank Mr.
Aprit Jain (M.Tech, IIT Delhi) and Mr. Rakesh Kumar (VDTT Lab staff, IIT
Delhi), who familiarized me with the working environment, introduced me to the
lab seniors, and helped me in the smooth start of my research work at II'T Delhi.
I want to take this opportunity to thank my seniors Mr. Nagender Goud (now
senior SOC engineering, Intel) and Dr. Gajendranath Chowdary (now Asst. Prof.,
IIT Hyderabad), who were there for me whenever I needed them for technical
and spiritual discussions during the initial phase of my work. I would also like
to thank my colleagues, especially Dr. Shubham Shahay and Dr. Akash Jain, for
valuable discussions spanning from technical aspects of research to life in general
and career. I thoroughly enjoyed working on various research projects with Dr.

Shubham Shahay, whose level of commitment, sincerity, and presence of mind

© 2022, Indian Institute of Technology Delhi



iii

towards tasks in hand is admirable. I would like to express my sincere gratitude
to my other fellow colleagues, special mention to Manoj Sharma, Umesh Lohani,
Supriya Chakraborty, Ashish T.R., Neha Priyadarshini, Atul Thakur, Abhilash
Garg, and my lab junior special mentioned to Sai Sukuruth Bezugam, and Tinish
Bhattacharya. They have always been available and helped me with a smile on
their faces whenever I need it. 1 was fortunate enough to get the opportunity to
mentor a few M.Tech/MSR students: Kaustubh Dave, Katakam Krishna Vamsi,
Vikas Chandra, Soham Das, and Deepak Verma. I would like to thank them for

the experience and the joy that I gained while mentoring them.

Last but not least, I thank and would forever be in debt to my parents Smt
Kusum & Shri Santerpal, my wife Rocky, my son Omm, and my brother Pankaj
for their immense understanding, love, and unconditional support during this

Ph.D. journey of mine.

© 2022, Indian Institute of Technology Delhi



ABSTRACT

INVESTIGATION OF HYBRID CMOS-NVM CIRCUITS FOR EMERGING
APPLICATIONS

In the last few decades, the MOSFET has scaled exceptionally well accord-
ing to Moore’s law and has become the cornerstone behind the progress in the
field of semiconductor and electronics industry. However, with the emergence
of applications such as Al, Big Data, IoT, edge computing, etc., scaling alone
is insufficient to address challenging performance requirements. In recent years,
emerging nanodevices co-integrated with CMOS as hybrid (CMOS-NVM) circuit

solutions have been extensively explored and accepted for various applications.

In this thesis, we investigate multiple "hybrid CMOS-NVM circuits" specifi-
cally based on three emerging NVM devices: OTPM, OxXRAM, and STT-MRAM.
This thesis explores novel architectures (reduced -power, -area, and -complexity),
circuits, and optimized programming methodologies for application such as: near/
on-sensor computing, computational ternary content addressable memory (TCAM),

and physical unclonable functions (PUF).

v
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