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Memory technologies — The state of the art
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Memory Storage Embedded Emerging Memory

Hyperscale Al, and High- Client, Mobile, and Automotive
performance Computing Enterprise
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HBMB3E: 12-high, 24 GB 230+ layers 14nm eMRAM Ferroelectric NV-DRAM

Total 192 GB. 1.18 TB/s 2.4 GB/s 16 MB 32 Gb, 3D-stacked, multi-
. layer
souree: NVIDIA Source: Mieron source: Forbes Source: IEDM 2023




The NAND Storage Technology
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Source: Micron Source: The Business Research Company

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 data flows needed to and from the HBM.




Vertical NAND Scaling

2022-2025
2014 Production

First 3D NAND, Samsung
24 Layers, MLC

Micron 276L TLC
Prototype / R&D demos:
SK hynix 321L sample (FMS 2023)
SK hynix 300+L demo (ISSCC 2023)
5 Kioxia / WD >300L demo (VLSI 2023)
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Vertical NAND Scaling

2022-2025
2014 Production

Samsung 236L TLC
SK hynix 238L TLC — 321L (ramping 1H25)
Micron 276L TLC

First 3D NAND, Samsung
24 Layers, MLC

Prototype / R&D demos: 2030
SK hynix 321L sample (FMS 2023) Roadmap: >1000L (IEDM)
SK hynix 300+L demo (ISSCC 2023) .
Oxi Georgia
6 Kioxia / WD >300L demo (VLSI 2023) Gl" Seorg



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
8 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



Ferroelectricity
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A ferroelectric is an insulator with a spontaneous polarization, Voltage, V
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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
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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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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
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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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A Positive PGM pulse sets the Vi to high Vt state in CTF NAND.
On the contrary, a Positive PGM pulse sets the Vt to low Vit state in a FEFE
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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

ERS
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A Negative ERS pulse sets the Vt to low Vit state in CTF.

On the contrary, a Negative ERS pulse sets the Vt to high Vt state in FEFET.-;I. Georgia
ecn.



Charge trap flash vs. ferroelectric flash
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Charge trap flash vs. ferroelectric flash
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Ferroelectric flash

Poly-Si
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The maximum memory window of a FeFET is theoretically Georgia
limited by the memory window of the ferroelectric layer. Cr e
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Memory window of FEFETs is limited by V.
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Memory window of FEFETs is limited by V.

Memory window (V)
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Increasing the MW by dielectric insertion
'Das, D et gl. IEDVM 2023‘
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Das, Khan, et al. IEDM 2023 (highlight paper): 10.1109/I[EDM45741.2023.10413697
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Increasing the MW by dielectric insertion
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Memory window of FEFETs is limited by V.
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Increasing the MW by dielectric insertion
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« GBL stacks have higher MW than TDL stacks for similar thickness and material.
* SiO, in GBL and Al,O5 in TDL gives higher MW for similar dielectric thickness

Fernandes, Khan et al. Material choices for tunnel dielectric layer and gate blocking layer _
31 for ferroelectric NAND applications. IEEE Electron Device Letter 45, 1776 - 1779 (2024). G Seorga
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Increasing the MW by dielectric insertion
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Increasing the MW by dielectric insertion
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(Our results
(Batch 2: Choice and position of dielectricinsert ]
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Increasing the MW by dielectric insertion
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Increasing the MW by dielectric insertion

Memory window (V)
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Where is the MW enhancement coming from?
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Trapped charges are the key differentiator.
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1. Ferroelectric switching kinetics

Preisach model was adopted to describe the steady-state
characteristics of the ferroelectric polarization.

The saturated polarization hysteresis loop is defined as
Pghii(Ei) = Psjtanh[(Ej — E¢;)/28i] If dE;/dt > 0

Piai(ED) = =Py i (—Ey) If dE;/dt < 0

where -1
o=l (LB
1= Py/R ort=4
The derivative of the polarization is given by

de,i -T dPsat,i

=T Fori=1,2
dE; dE;

1/2
<Pf,i - Psat,i) /
fips,i - Pf,i

¢ = +1whendE;/dt > 0and § = —1 when dE;/dt < 0

where
[} =1 —tanh
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Algorithm flow for Numerical Simulation
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1
N Update t d surf
Update Polarization > Cah:rs;:%%ensi‘:'iisace
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!

v
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w

t> 1:final?
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2. Rate equations for trapping and de-trapping
Assuming single level traps, define
N1/ Pyq: Acceptor/Donor-like trap density at HZO/Al,03 I
Ny / Pr1 : Trapped electron/hole density at HZO/Al,03 ;—__-_-——:
N2 / Py : Acceptor/Donor-like trap density at Al203/HZO
Ny, [/ pr2 : Trapped electron/hole density at Al,03/HZO

N3/ Py3 : Acceptor/Donor-like trap density at HZO/SiO2 |

N3 / Py 3 : Trapped electron/hole density atHzoy
Ng3

¢1/Zn/2
,,,,,,,, - t’
et
Ny q

dpea _ _ P dpe 2 _ Pt 1 _ Di2
dt Tep1 dt Tep2 Pt,z
The net trapped .
charges g, ; are Oti = q(pt,i - nt,i) Fori=1,2,3

The emission mechanism of the trapped charges at Al,03/HZO /* n
(HZO/AIl,03) interfaces are assumed to be Fowler-Nordheim t2
(FN) tunneling = Al,03 as “Tunnel Dielectric Layer” >
wve T
o€ | ==
; N1
4\/2on Prn(p),a0
Ten(p)i=2(1) = Ten(p)i=1(2) = To EXP 3qhE,g }-IC;- Pt,2
=
3. Nonlinear Poisson-Boltzmann equation
, aD
For gate oxides, — =0 D1
0x ’

With boundary conditions of the displacement field D
continuity at the interfaces i with given P¢; and o7 ;
For semiconductors,

¢ 4

oz = 2 [Pro(exp(=Bp) = 1) = myo(exp(Bg) ~ 1]

Thus, Flat band voltage is given by
it (Ys) _ Pgy + 01 + 0y, + 03 _ Ot + 0y 3 . Pty + 043

Crot Ceq Cq Ceo

]

Veg = ¢ms —
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Charge trapping in Al,O5 required to
match the MW for 8/3/8 and 9/1/9.
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Absence of % Oz
screening trap charges HZO/SiO, Traps only AI203/HZO. + HZO./S|02 Traps
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Trap effects are responsible for the observed MW trend
(MW: 8/3/8 >9/1/9>19)
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MW enhancement mechanism with bahlﬂ'nd diaqggms

SiO, p-Si
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MW M  HZO ALO; HZO  SiO, p-Si
. e
mechanism

Enhancement of memory window
AMW =2 x voltage drop across

Al,O; at flatband Das, D., et al. IEDM 2023: 10.1109/IEDM45741.2023.10413697
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MW M  HZO ALO; HZO  SiO, p-Si
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mechanism o
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Enhancement of memory window
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Where does the built-in electric field come from?
PGM Trapped charges

|
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Where does the built-in electric field come from?
Trapped charges Flatband after PGM

PGM

|
| | Veaum EO'G' " Vi, Pam
Built-in electric field due to defect ~ ° |
dipole in the dielectric induced by il
the ferroelectric polarization leads A ety 15V Gy Seorgia
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Why do we call it a tunnel dielectric?
ERS Trapped charges Flatband after PGM

| | Vers

A5V
Vfb, PGM

The interface trapped charges is

hypothesized to interchange P S, '
position via tunneling! Gate Voltage (V) G Geowgie
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The interface trapped /[ETn,DE
charges is hypothesized -v -

to interchange position

via tunneling!
e

Electron
Capture Hole
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>

The emission mechanism of the trapped charges at Al,03/HZO
(HZO/AIl,03) interfaces are assumed to be Fowler-Nordheim

(FN) tunneling = Al,03 as “Tunnel Dielectric Layer”
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MW enhancement mechanism by screening charges

> > ’ >
v Charge Electric , Electric
= Density Field v Potential

FE gate stack
with TDL
(thzoftaLo/thzo =9/1/9 nm)

Das, Khan, et al. IEDM 2023 (highlight paper): 10.1109/I[EDM45741.2023.10413697

» The screening charges at interfaces between the inserted ALO layer
and FE can help to increase the MW by inducing the additional dipoles
across the TDL in the same direction as FE polarization.
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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
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Retention characterization
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(The high field across the GBL drives out the MW enhancing
charges leading to loss of the MW enhancement.
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This combination of detrapping of MW enhancing charges and
IRPS 2025

depolarization of ferroelectric layer leads to retention loss
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IRPS 2025 field across the FE, leading to robust retention.
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Disturb in Ferroelectric NAND
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Disturb
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Disturb
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A pass voltage is applied to unaddressed cells while accessing a
different cell along the bit line. This pass voltage could disturb the V; of
the;cell either due to electron trapping or polarization back switching.
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Amorphous oxide semiconductor channel
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Retention — endurance trade off
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Lateral charge migration

Charge Trap Flash .
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Lateral charge migration
prevents aggressive Z-scaling
for 3D NAND.
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Ferroelectric flash
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The nature of trapped charges at the

ferroelectric—interlayer interface will
determine the scaling potential of
ferroelectric 3D NAND technology. la
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Ferroelectrics for Future NAND Storage Technology
Ferroelectric augmentation can provide enable NAND scaling in future generations

—
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