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How the computing paradigms have evolved

Adapted from: Datta, EDTM 2023
https://www.economist.com/briefing/2015/02/26/the-truly-personal-computer
https://www.statista.com/chart/12798/global-smartphone-shipments/



Evolution of AI model parameter count

Source: NVIDIA
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A story of algorithm, software, and hardware
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Innovation at the core – Logic transistor 

Strained Si
90nm, 2003

High-K metal gate
45nm, 2007

FinFET
22nm, 2012

Stacked nanoribbon 
14A, 2027

GAA nanoribbon
3nm, 2024



Materials are central to Future Electronics
Elements of Performance 

Gain 
2010-2020

Projected 
Elements of Performance 

Gain 2020-2030

? Missing?

Adapted from Samuel 
Naffziger(AMD), CICC 2021
And 
Lisa Su (AMD), ERI DARPA Summit, 
2019
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Memory Landscape
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Let’s dive down to devices and materials



P PClassical Ferroelectric 
PbTiO3  , BaTiO3 etc.

Emerging CMOS compatible 
Ferroelectrics: 
Doped HfO2
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A	ferroelectric	is	an	insulator	with	a	spontaneous	polarization,	
which	can	be	switched	by	an	above	coercive	voltage	.	
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Ferroelectricity
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Ferroelectric field-effect transistors (FEFETs)

MW
=∆𝑽𝒕

Memory
States

FEFET	is	a	FET	wherein	the	threshold	voltage	gets	
shifted	by	the	direction	and	magnitude	of	the	“remnant”	polarization.	



Ferroelectrics in microelectronics: Why now?

2. Controlled annealing in fluorite structure oxides 
(such as those based on HfO2 and ZrO2 and their 
alloyed variants) leads to ferroelectricity. 

• Boscke et al. Appl. Phys. Lett. 99, 112904 (2011)
• Boscke et al.  2011 IEEE Int. Electron Devices 

Meeting. p. 24.5.1–24.5.4 (IEEE, 2011).
• Muller et al. Nano Lett. 12, 4318 (2012) 

1. Ramtron (acquired by Cypress Semiconductor), Texas Instruments, and Fujitsu marketed FRAM products 
for niche, low-volume applications such as smart cards, energy meters, airplane black boxes, radio 
frequency tags and wearable  medical devices, as well as for for code storage in microcontrollers.

Fluorite-structure 
ferroelectric oxide 

(BO2)

Perovskite-structure 
ferroelectric oxide 

(ABO3)

A2+

B4+

O2-

B4+

O2- 13



Ferroelectric devices (1 of 2)

Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.



BEOL FEFET Vertical FEFET for NAND Storage 

Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.

Ferroelectric devices (2 of 2)



FEFET as an embedded memory

Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.



Progress in FEFET technology

<1.5 V write voltage 
>0.5 V memory window

∆𝑉!,#$ =	20-50 mV 
(7 nm node)

Specs

>1012 cycles

1
Write voltage 

and Memory Window

4

Reliability and endurance

3
Device-to-device 

variation

2
Read/Write 

Speed

<10 ns write speed 
<10 ns read-after-write delay
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Write voltage 

and Memory Window

4

Reliability and endurance

3
Device-to-device 

variation

2
Read/Write 

Speed

Tan et al. IEEE EDL 42, 994 (2021).

Dutta et al. IEEE EDL 43, 383 (2022).

<1.5 V write voltage 
>0.5 V memory window

∆𝑉!,#$ =	20-50 mV 
(7 nm node)

Specs

>1012 cycles<10 ns write speed 
<10 ns read-after-write delay

Progress in FEFET technology
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1
Write voltage 

and Memory Window

4

Reliability and endurance

3
Device-to-device 

variation

2
Read/Write 

Speed

Wang, Z., Tasneem, N., Hur, J., Chen, H., Yu, S., Chern, W., & Khan, A. (2021, December). Standby bias improvement of read after 
write delay in ferroelectric field effect transistors. In 2021 IEEE International Electron Devices Meeting (IEDM) (pp. 19-3). IEEE.

<1.5 V write voltage 
>0.5 V memory window

∆𝑉!,#$ =	20-50 mV 
(7 nm node)

Specs

>1012 cycles<10 ns write speed 
<10 ns read-after-write delay

Progress in FEFET technology
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Ref. 1: Si (IL-SiNx),
(1.0 V@DC, FEOL)

Ref. 2: Si (IL-SiO2)
(0.5 V@1μs, 100K, FEOL)

Ref. 5: Si (IL-SiO2),
(0.8 V@100 ns, FEOL))

Ref. 3: IWO (IL-free), 
(1.6 V@DC, BEOL)

Ref. 4: Si (IL-SiO2),
(1.5 V@10 μs, FEOL)

Ref. 7: Ge (IL-free)
(0.5 V@100 μs, 
FEOL)

Ref. 6: Ge (IL-free),
(0.4 V@5μs, FEOL)

This Work

Benchmarking Memory Window v. Write Voltage Tradeoff 

[1] Tan et al., IEEE EDL, 42, 994, (2021).
[2] Tan et al., 2020 IEEE Symposium on VLSI
Technology (2020).
[3] Dutta et al., IEEE EDL, 43, 382 (2022).
[4] Dünkel et al., IEDM (2017).
[5] Nguyen et al., IEEE EDL, 42, 1295, (2021).
[6] Liu et al., IEEE EDL, 40, 1419, (2019).
[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
4, (2022).
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This Work

[1] Tan et al., IEEE EDL, 42, 994, (2021).
[2] Tan et al., 2020 IEEE Symposium on VLSI
Technology (2020).
[3] Dutta et al., IEEE EDL, 43, 382 (2022).
[4] Dünkel et al., IEDM (2017).
[5] Nguyen et al., IEEE EDL, 42, 1295, (2021).
[6] Liu et al., IEEE EDL, 40, 1419, (2019).
[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
4, (2022).

We want 
to be here

Benchmarking Memory Window v. Write Voltage Tradeoff 

21



Write voltage vs. memory window trade-off

Ferroelectric (5-10 nm)

Gate metal stack

IL (~1 nm)

Gate

Ferroelectric

Interfacial Ox.

Semiconductor DS Semiconductor

Write=4V

2 V

1.3 V

0.7 VSi

FE

IL
FE (1.3 V)

IL (2 V)
FE (1.3 V)

Si (0.7 V)
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Ferroelectric (5-10 nm)

Gate metal stack

IL (~1 nm)

Gate

Ferroelectric

Interfacial Ox.

Semiconductor DS Semiconductor

Write=4V

2 V

1.3 V

0.7 VSi

FE

IL

Changing the band-gap of the 
semiconductor By changing the 
channel material from Si to SiGe or 
Ge. 

IL (2 V)
FE (1.3 V)

Si (0.7 V)

Write voltage vs. memory window trade-off
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Reducing the thickness of the IL or 
increasing the K of the IL.

Reducing FE thickness reduces MW. 
MWmax=2VC



Remote oxygen scavenging to reduce IL thickness

Tasneem et al. “Remote Oxygen Scavenging of the Interfacial Oxide Layer in Ferroelectric 
Hafnium−Zirconium Oxide-Based Metal−Oxide−Semiconductor Structures”, ACS Appl. 
Mater. Interfaces 2022, 14, 43897−43906
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Remote oxygen scavenging to reduce IL thickness

Tasneem et al. “Remote Oxygen Scavenging of the Interfacial Oxide Layer in 
Ferroelectric Hafnium−Zirconium Oxide-Based Metal−Oxide−Semiconductor 
Structures”, ACS Appl. Mater. Interfaces 2022, 14, 43897−43906
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Remote oxygen scavenging to reduce IL thickness

Tasneem et al. “Remote Oxygen Scavenging of the Interfacial Oxide Layer in Ferroelectric Hafnium−Zirconium Oxide-Based 
Metal−Oxide−Semiconductor Structures”, ACS Appl. Mater. Interfaces 2022, 14, 43897−43906

26



TiN 2 nm

Pt 30 nm
Ti 30 nm

HZO
IL

Si or Ge

TiN 12 nm

Pt 30 nm
Ti 30 nm

HZO
IL

Si or Ge

Pt 30 nm
Ti 30 nm

HZO
Si or Ge

HZO
IL

Si or Ge

W 100 nm

Ge
IL (GeOx)

HZO

Ge

HZO
IL is non-visible

Position (nm)

Decrease in IL thickness

Remote	oxygen	scavenging	can	result	in	controllable	IL	thickness.

Park et al. (under review)
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Dramatic	reduction	in	coercive	voltage	is	observed	in	Ge	platform	
with	the	change	of	the	gate	metal	stack.
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HZO 6 nm

Ge-channel FEFETs with record-low write voltages

Si	and	Ge-channel	FEFETs	fabricated	with	the	same	6	nm	HZO	layers,	
under	similar	process	and	fabrication	conditions.		

Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write 
Voltage." IEEE Electron Device Letters (2022).
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Significant	increase	on	the	on-capacitance	and	reduction	in	coercive	
voltage	in	Ge-channel	FEFET.

Ge-channel FEFETs with record-low write voltages

Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write 
Voltage." IEEE Electron Device Letters (2022).
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DC ID-VG characteristics

Significant	reduction	in	the	write	voltage	for	iso-memory	MW	
condition	in	Ge-FEFET.

Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write 
Voltage." IEEE Electron Device Letters (2022).
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Pulsed ID-VG characteristics

Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write 
Voltage." IEEE Electron Device Letters (2022).

Significant	reduction	in	the	write	voltage	for	iso-memory	MW	
condition	in	Ge-FEFET. 32



Retention, endurance and read-after-write delay

Retention Read-after-write delay Endurance

The	Ge-FEFET	show	write	endurance	of	107	cycles,	excellent	data	retention	
and	immediate	read-after-write	capability.

Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write 
Voltage." IEEE Electron Device Letters (2022).
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This Work

[1] Tan et al., IEEE EDL, 42, 994, (2021).
[2] Tan et al., 2020 IEEE Symposium on VLSI
Technology (2020).
[3] Dutta et al., IEEE EDL, 43, 382 (2022).
[4] Dünkel et al., IEDM (2017).
[5] Nguyen et al., IEEE EDL, 42, 1295, (2021).
[6] Liu et al., IEEE EDL, 40, 1419, (2019).
[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
4, (2022).

Benchmarking Memory Window v. Write Voltage Tradeoff 
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This Work

[1] Tan et al., IEEE EDL, 42, 994, (2021).
[2] Tan et al., 2020 IEEE Symposium on VLSI
Technology (2020).
[3] Dutta et al., IEEE EDL, 43, 382 (2022).
[4] Dünkel et al., IEDM (2017).
[5] Nguyen et al., IEEE EDL, 42, 1295, (2021).
[6] Liu et al., IEEE EDL, 40, 1419, (2019).
[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
4, (2022).

Ge (IL-free)
(0.6V@DC,
0.4V@10μs,
0.3V @100ns)

Das, Dipjyoti, et al. "A Ge-Channel 
Ferroelectric Field Effect Transistor 
with Logic-Compatible Write 
Voltage." IEEE Electron Device 
Letters (2022).

Benchmarking Memory Window v. Write Voltage Tradeoff 
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Innovation at the core – Memory
NAND Flash Technology Dynamic Random Access Memories (DRAM)



Memory Landscape
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Opportunities for Ferroelectric devices
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Opportunities for Ferroelectric devices
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V-NAND FLASH

§ Limited scaling (oxide>20 nm)
§ High write voltage (~20 V)
§ Slow write (1-10 ms)
§ Limited endurance (103 for MLC)

§ Scalable oxide (<5 nm)
§ Smaller write voltage (~10 V)
§ Fast write (<1 µs)

Oxide Filler

(Channel/ Bitline)
Poly Si

SiO2(1 nm) 
FE(< 20 nm) 

Al2O3 / TiN / W 

Ferroelectric V-NAND



Limits to the possibilities

Level 5 autonomous drive 

L2 to L5 autonomy will require 
10x increase in memory and 
100x increase in compute!

Zettascale 
computing 
(1021 FLOP/s)

Simulation of a X-51A recoverable hypersonic 
vehicle over a one-hour flight path is intractable. 

Omics data analytics
Advances in sequencing 
and omics technologies 
have far outpaced data 

infrastructure.

2

3

1

Source: SRC Decadal plan
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FinFET

Plenty of Room at the Top and Bottom

Landauer limit of energy dissipation = kT log 2
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