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The World of Chips

iPhone 17 NVIDIA Blackwell Cerebras Wafer Scale Engine ~ Solid State Hard-drives

A19 Chip Al Superchip NAND Storage
~20 Billion ~200 Billion ~2 Trillion ~5 Tr.illion
Transistors Transistors Transistors Transistors
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The NAND Storage Technology in the Age of Al
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Processing and storing data in Al effectively and cost efficiently can require HBM for the
actual Al training, but also various types of NAND-based solid-state storage to support the _
4 data flows needed to and from the HBM. Gr ‘%gg{,‘-_“a



How to pack 50 Trillion Transistors — Vertical NAND
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Bit Cost Scalable (BiCS) Architecture of Vertical NAND
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Bit Cost Scalable (BiCS) Architecture of Vertical NAND

64 memory layers

Memory Arra Staircase contact

16 memory layers 32 memory layers
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Evolution of Vertical NAND technology
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Evolution of vertical NAND Technology

2014

First 3D NAND, Samsung
24 Layers, MLC

12

2022-2025

Samsung 236L TLC
SK Hynix 238L TLC
Micron 232L TLC
192L QLC
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Challenges of vertical NAND flash scaling
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The future of NAND flash technology

Gate stack (< 19 nm)

Oxide Filler

FE+IL
(<20 nm)

(Channel/ Bitline)
Poly Si

Word line

To accommodate the core-shell structure within the hole

diameter of 100 nm of the vertical NAND string, the
4 thickness of the gate stack is limited to ~20 nm

TLC: 3 bits/cell > 8 Vt level MW =~ 6V

Vit

QLC:4 bits/cell > 16 Vt level MW ~ 7.5V

Design constraints
Gate stack thickness, t < 19 nm
Write voltage < 15V
Memory window, MW > 6.5V
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Ferroelectricity
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A ferroelectric is an insulator with a spontaneous polarization, Voltage, V

e Georgia
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Ferroelectrics in microelectronics: Why now?

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.

2. Controlled annealing in fluorite structure oxides
(such as those based on HfO, and ZrO, 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)

Perovskite-structure Fluorite-structure
ferroelectric oxide ferroelectric oxide
(ABO,)
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2011->2023

Discovery of Ferroelectricity in HfO2 Demonstration of high-density Ferroelectric RAM

APPLIED PHYSICS LETTERS 99, 112904 (2011)
NVDRAM: A 32Gb Dual Layer 3D Stacked Non-volatile Ferroelectric Memory

Phase transitions in ferroelectric silicon doped hafnium oxide with Near-DRAM Performance for Demanding AT Workloads

T. S.Boscke,"®?"® st. Teichert,®") D. Brauhaus,* J. Miiller,” U. Schréder,>® U. Béttger,*

f-md T. Mikolajick®® N. Ramaswamy, A. Calderoni, J. Zahurak, G. Servalli, A. Chavan, S. Chhajed, M. Balakrishnan, M. Fischer,
Loberwallgraben 2, 99096 Erfurt, Germany . 2 : . e 2 i

*Namlab ¢GmbH, 01187 Dresden, Germany M. Hollaqdel, D.P. E‘msseny, A Liao, K. Karda, M. Jerry, M. Ma}lam, A Visconti, B. R. Cook, B. D. Cook,
jUAS Jena, Department of SciTec, 07745 Jena, Germany D. Mills, A. Torsi, C. Mouli, E. Byers, M. Helm, S. Pawlowski, S. Shiratake, and N. Chandrasekaran
RWTH Aachen, Institut fiir Werkstoffe der Elektrotechnik, 52062 Aachen, Germany Micron Technology Inc., Boise, USA, email: dramaswam} [C(Qll]iCI‘Oll.COIII

Fraunhofer Center Nanoelectronic Technologies (CNT), 01099 Dresden, Germany
°Department of Nanoelectronic Materials, University of Technology Dresden, 01062 Dresden, Germany

(Received 18 July 2011; accepted 19 August 2011; published online 15 September 2011) 100
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Ferroelectric field-effect transistors (FEFETSs)

Low Vt state

Drain Current ID

Gate Voltage V

High V, state
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GS

Gate Metal

HERN
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p-type Si

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

CTN FE

IL oxide

WL1 WL1

WL2 WL2
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Charge trap flash vs. ferroelectric flash
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CTF that stores data in the form of charge i Seorgia



Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Memory window of FEFETs is limited by V.

Memory window (V)
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The maximum memory window
of an FeFET is theoretically
limited by the memory window
of the ferroelectric layer.



Increasing the MW by dielectric insertion

19

W

Si

30

6

0

Das, D., etal. IEDM 202@_

15V:

3 V (2 bit/cell)

-
---------------------------------- e«
-

0O 3 6 9 12 15 18

Vwrite (V)

10 nm HZO layer leads to maximum memory

window of 2.9 V.

— AN SAE.

Das, Khan, et al. IEDM 2023 (highlight paper): 10.1109/I[EDM45741.2023.10413697
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Increasing the MW by dielectric insertion

(a) Reference Novel structure (
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A homogeneous 1 nm Al,O; TDL is clearly visible in the HRTEM image
suggesting the formation of Al,O5 interlayer with uniform thickness and full _
coverage b




Memory window of FEFETs is limited by V.
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Increasing the MW by dielectric insertion

Memory window (V)
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Position and choice of the dielectric
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Increasing the MW by dielectric insertion
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Increasing the MW by dielectric insertion

SK Hynix
Yoon et al. VLSI 2023
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(Our results
(Batch 2: Choice and position of dielectricinsert ]
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An Active Area of Research — Ferroelectrics for V-NAND

“Ferroelectric’ + “NAND”

Web of Science
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Increasing the MW by dielectric insertion
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Gate stack thickness (nm)

10/8/6
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Ferroelectric: Hf, 5Zr; 50,

Dielectrics: SiO,, Al,05, HfO,, SizN,
High-k interlayer: HfO,, Si;N,

Channel IL: SiO,

Semiconductor: Bulk Si, Poly Si, SOI, IWO
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Key questions to address for ferroelectric NAND?

@ Retention
@ Disturb
Write endurance
@ Lateral charge migration

@® Device-device variation

Cr
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Ferroelectric NAND gate stacks

FE Gate blocking layer (GBL) Tunnel dielectric layer (TDL)
(reference) 14/4(Si) 8/3(Al)/8
SiO, 4 nm HZO 8 nm
HZ0
HZO Al,O3; 3 nm
19 nm
14 nm HZO 8 nm

44

Venkatesan, Khan, et al. IRPS 2025 (Best Student Paper): https://doi.org/10.1109/IRPS48204.2025.1
Venkatesan, Khan, et al. EDL 2025 (Editor’s Pick): 10.1109/LED.2024.3523235
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Retention characterization
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Lateral charge migration
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What about reliability of ferroelectric NAND?
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Ferroelectrics for Future NAND Storage Technology
Ferroelectric augmentation can provide enable NAND scaling in future generations
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