DESIGN AND ANALYSIS OF HYBRID
CMOS-OXRAM NON-VOLATILE SRAM (NVSRAM)

SWATILEKHA MAJUMDAR

DEPARTMENT OF ELECTRICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
MAY 2020



©Indian Institute of Technology Delhi (IITD), New Delhi, 2020



DESIGN AND ANALYSIS OF HYBRID
CMOS-OXRAM NON-VOLATILE SRAM (NVSRAM)

by

Swatilekha Majumdar

DEPARTMENT OF ELECTRICAL ENGINEERING

submitted

in fulfillment of the requirements of the degree of Doctor of Philosophy

INDIAN INSTITUTE OF TECHNOLOGY DELHI
MAY 2020



Dedicated to
My grandparents, whom I know will forever guide me from heaven. Maa and Baba, who are
pillars of my strength and my constant inspiration. Without their love and care I would
not have come so far. Anulekha, my sister who has supported me in thick and thin. All my
teachers, who have inspired me to dream and get up whenever I fail. And lastly, my best

friend Supriya. I thank you from the bottom of my heart.



FHIATRRE A F5Y Hal 9 |
T FARSEIAT o TET STEHANT 11R-o |

karmany evadhikaras te ma phalesu kada cana |
ma karmaphalahetur bhiir ma te sango 'stv akarmani 12-47I|

- Shrimad Bhagwad Gita, Chapter 2, Verse 47

IR QTR IS 7RIS e QPR QTR AT, O ATl [Acerd 3ead
PR ARG o) OGP PUAZ QAR IR ParRe PRI 51
RIS FT 7T 438 [REIOT S 57T YRPE Tl

(&R srvar 79w FreITiRer # 41 & (4T T 3T S, e 37T 97T #1491
F BT F EFIITART &1 FHT VT 3797 319 & 9T Tfafarai & g #r
FIT T I, TET [ Fqard T3 % |

English: You have a right to perform your prescribed duties, but you are not
entitled to the fruits of your actions. Never consider yourself to be the cause of
the results of your activities, nor be attached to inaction.



CERTIFICATE

This is to certify that the thesis entitled “Design and Analysis of Hybrid CMOS-
OxRAM Non-Volatile SRAM (NVSRAM)” being submitted by Ms. Swatilekha
Majumdar 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 her 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 Assistant Professor
Date: Department of Electrical Engineering
Indian Institute of Technology, Delhi

Hauz Khas, New Delhi- 110016, India



ACKNOWLEDGEMENTS

This thesis does not mark an end to my journey but a new beginning in the path of my
thirst for knowledge. The thesis has been kept on track and has been pushed continuously
towards a successful completion with the support, help and encouragement of numerous
people which includes my well-wishers, colleagues and various institutions. Although I will
try to name everyone, who directly or indirectly contributed to the completion of this thesis,

in case I miss out on someone, I sincerely ask for your forgiveness in advance.

Official:

Firstly, I would like to express my sincere gratitude to my advisor Prof. Manan Suri for
the continuous support of my PhD study and related research, for his patience, motivation,
and immense knowledge. His guidance helped me in all the time of research and writing of
this thesis. He was kind enough to take me under his supervision when I was in the midst
of a professional crisis. Apart from academics, his valuable teachings on leading a pure,
spiritual and disciplined life along with constant philanthropic motivations are something
that I look forward to inheriting. I could not have imagined having a better advisor and

mentor for my PhD study.

Besides my advisor, I would like to thank the Student Review Committee (SRC) mem-
bers: Prof. Shouribrata Chatterjee, Prof. Preeti Ranjan Panda, and Prof. Bhaskar Mitra,
for their insightful comments and encouragement. I am thankful to them for raising some
valuable questions during every review process, which motivated me to widen my research
from various perspectives. Additionally, my sincere thanks go to Prof. Tuo-Hung (Alex)
Hou from NanoST Lab, National Chiao Tung University, Taiwan, who provided me with an
opportunity to join his team as an intern during my visit as an exchange student. He was
kind enough to give access to his laboratory and research facilities, and also provide us with
devices that were utilized for study in the thesis. I would also like to thank Dr. Boris Hudec
(Post-doctorate at NCTU, Taiwan), Mr. V. Mani Teja (Postgraduate at NCTU, Taiwan
currently enrolled as a Ph.D. student at KAUST, UAE), Mr. Paritosh Sahu (Postgraduate



il

student at NCTU, Taiwan currently working at TSMC, Taiwan), Mr. Che Chia Chang
(PhD scholar at NCTU, Taiwan) and Ms. Ying Chen (Graduated from NCTU, Taiwan)
for their constant and rigorous discussions related to the studies performed in this thesis.

Without their precious support, it would not be possible to conduct this research.

I would also like to thank Prof. Basabi Bhowmik and Prof. M. Jagadesh Kumar, who
taught courses on MOS-VLSI and Microelectronics respectively. These courses helped me in
better connecting the dots between devices and circuit designs. Furthermore, I am grateful
to Dr. Kaushik Saha (CTO, Samsung Electronics, India) for teaching a very valuable course

on Memory Design and Testing and also appreciating me in all the work that I have done.

I also thank my fellow lab-mates, specially Supriya Chakraborty, Sai Sukruth Bezugam,
Abhilash Garg, Manoj Kumar, and Tinish Bhattacharya, for the stimulating discussions,
for the sleepless nights we were working together before deadlines, and for all the fun we

have had in the last five years.

Lastly, I would like to thank Dr. Turbo Majumder, who undertook me as a doctoral
student at II'T Delhi. Although I could not work with him for long, his guidance and support

meant a lot to me during my early days of research.

Unofficial:

I would like to express my sincere gratitude to my fellow PhD colleagues, with special
mention to Atul Thakur, Rajib Ghosh, Supriya Chakraborty, Shubham Sahay, Abhilash
Garg, Manoj Kumar; my juniors at II'T Delhi, Sai Sukruth Bezugam and Salam Thoi Thoi
Singh; and my colleagues Alok and V. Mani Teja, for being my pillars of support and being
my agony aunt whenever I needed them. They have helped me create memories I will cherish

my entire life.

Last but not least, I would like to thank my parents for making me who I am. Words fail
me while conveying my indebtedness to them for showering eternal love, care and support,
without which none of the accomplishments would have been its worth. I would also like to

thank my sister, Anulekha, for being there when I needed her the most.

Swatilekha Majumdar
New Delhi, India

© 2020, Indian Institute of Technology Delhi



ABSTRACT

Advances in silicon technology have enabled the semiconductor industry to shrink the area of
a transistor by roughly a factor of two with each successive technology node. This trend has
continued unabated for the past five decades and has made computing devices ubiquitous in
modern culture. Due to continuous advances in CMOS technology fueled by a growing and
fiercely competitive market, there have been sustained innovations in the field of memory
devices and circuits. This has led to a very advanced and hybrid computer memory hierarchy.
Leading technology reports have shown the growing importance of memory in overall system
architecture. Therefore, development in optimizing memory designs and schemes has been
a primary criterion for computer architecture engineers. SRAM is typically used to realize
memory due to its high speed of operation. Unlike DRAM, where the data is stored as
a charge on the capacitor and needs constant refreshing, SRAM uses digital logic to store
the data in its internal node. The requirement of a refresh scheme gives rise to additional
circuitry and timing requirements, leading to complicated modules for DRAM memory. On
the other hand, SRAM modules are more straightforward compared to DRAM, which makes

it easier for design engineers to create an interface to access the memory.

However, almost all implementations of conventional SRAM circuits in literature are
volatile. SRAM circuits lose data during the power-down state and thus need a hold volt-
age to maintain the memory state. This results in significant leakage power and energy
dissipation. Various schemes, such as power gating, has been proposed to mitigate such
issues. In power gating, a low voltage (hold voltage) is used for volatile memory to retain
data while all logic circuits are turned off. However, even maintenance of this hold voltage
(during power-down mode) in high-performance processing units leads to colossal power
dissipation. Moreover, such schemes add more on-chip area and the supply scaling affects
the stability performance of the bit-cells. Even worse, during unexpected power failures, the
data in volatile memory may be lost, and computation tasks restart. Thus, it is essential to

introduce non-volatility in these memories. Traditional non-volatile schemes use a backup
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memory block (Flash), where data is off-loaded to it from SRAM block when a power-down
signal is applied. However, this technique degrades memory performance, as more data
transfers are required. Multiple circuits have been proposed in the literature to backup data
from on-chip memory (SRAM), FFs and register to off-chip non-volatile memory (NVM)
such as PCM, OxRAM, MRAM, thus preserving the system state in case of power failures.
OxRAM devices have several advantages over other existing non-volatile memory solutions,
such as low fabrication cost, fabrication at the back-end, manufacturing in vias along with

its property of being non-volatile.

All the NVSRAM designs proposed in the literature are based on ‘last bit non-volatility’
and requires a controlled power-down signal to manage the data off-loading. This increases
routing congestion and sophisticated control signal mechanisms. In this thesis, we present a
‘real-time non-volatile’ SRAM (NVSRAM) cell based on oxide-based random access memory
(OxRAM) devices. This thesis explores the programming scheme of NVSRAM, optimizing
the cell for faster and power-efficient performance, analyzing the stability of the cell which
will determine the reliability of the memory design, advantages when using the proposed
NVSRAM at a system level, and studies the implications on performance parameters when
NVSRAM is used in last level cache. The thesis also covers the electrical characterization
and modelling of various OxRAM devices to understand the device behaviour under different

operating conditions.
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