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Generational challenges in memory
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Ferroelectricity

Classical Ferroelectric
PbTiO; , BaTiO5 etc.

Emerging CMOS compatible
Ferroelectrics:
Doped HfO,
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A ferroelectric is an insulator with a spontaneous polarization, Voltage, V

which can be switched by an above coercive voltage .



Ferroelectric field-effect transistors (FEFETSs)

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



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.

Global Ferroelectric Random-Access Memory (FRAM) Market is Expected to Global Ferroelectric Random-

Account for USD 376.4 Million by 2028 Access Memory (FRAM) Market,
By Regions, 2021 to 2028

(3.8% CAGR)
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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. 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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Ferroelectric memories
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Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.
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Ferroelectric memories
BEOL FEFET Vertical FEFET for NAND Storage
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Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.



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 : g
P with Near-DRAM Performance for Demanding AT Workloads
T. S.Boscke,"®?"® st. Teichert,®") D. Brauhaus,* J. Miiller,” U. Schréder,>® U. Béttger,*
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Fraunhofer Center Nanoelectronic Technologies (CNT), 01099 Dresden, Germany
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Ferroelectric Random Access Memory

1T-1C structure
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a) Timing LPDDR5 NVDRAM
tRC 60ns 185ns
tRCD 18ns 85ns
tWR 34ns 10ns
tRP 18ns 80ns
tAA 22ns 26ns

b)

WL

Figure 13. (a) Timing comparison to typical
LPDDR5S DRAM. (b) Diagram of basic array
operation. Data 1 shown with solid line. Data 0
shown with dashed line. Sensing is destructive to
Data 0. Data 0 writeback occurs during precharge.
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Ferroelectric Random Access Memory
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A lower coercive field (<<1 MV/cm) is required to solve the
speed-voltage challenge.
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Ferroelectric memories
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Ferroelectrics for the
DRAM/Storage class space

Micron

Dual Layer 3-D stacked FRAM

Capacity — 32 Gb (Sk Hynix DRAM —8 Gb)
Latency — 180 ns (LPDDRS — 60 ns)
Density — 450 Mb/mm?

Challenge: Speed-voltage trade-off
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Ferroelectric memories
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Year

A. Goda, IEEE, TED 2020

2013
’/

Samsung 24L MLC

Relentless innovations have led to a 50x
improvement in bit areal density per decade.

2022
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Samsung 236L TLC

SK Hynix 238L TLC

Micron 232L TLC
192L QLC




Vertical NAND scaling toward 1000 layers

Layer stacking trend

1200

~1000

1000

Word Line Layers (ea)
foN
IS

V1 V3 V5 V7 Vo Vil Vi3
Generations

Fig. 1. Number of word line layers by generation

Package thickness limits the NAND chip height.
Package

PKG Substrate
B A 4 A A4 4A4AAS

Fig. 4. Package thickness limit with multiple chips

Aggressive Z-scaling is required.

CTN CTN
BO |T° Oxide BO |'7° Oxide
WLN+1
WLN+1
3
WLN-1
WLN-1

The mold height (cell height) needs to be reduced
dramatically.

17 17

Han et al. Fundamental Issues in VNAND Integrati rgciﬁ @
Toward More Than 1K Layers. IEDM 2023. PapnggrgﬁfHE
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Challenges for 1000+ layer vertical NAND

€ Lateral charge migration @ High write voltage
CTN CTN
BO | '70 Oxide BO | 70 Oxide
WLN+1
WLN+1 :
WLN-1 %
WLN-1
—— / : Write voltage of state of the art NAND is >20 V.
\\ Large write voltage affects effective threshold voltage,
\\ similar to cell-to-cell interference.
N
N
\
™ S Cell-to-cell interference will significantly
Ve distribution increase with aggressive Z-scaling for 1000L

VVNAND °



Ferroelectricity for NAND storage

Ferroelectric stack (< 19 nm)
Oxide_Filler

PolySi

WL2

FE+IL
(<20 nm)

(Channel/ Bitline)
Poly Si
To accommodate the core-shell structure within
the hole diameter of 100 nm of the vertical
NAND string, the thickness of the gate stack is
limited to ~20 nm

Word line

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

Vit

QLCA bits/cell > 16 Vtlevel MW =~ 7.5V

Design constraints
Ferroelectric thickness, trr < 19 nm
Write voltage < 15V

Memory window, MW >6.5V |
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Ferroelectric

Interfacial Oxide
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O Mueller et al. EDL, 2019.

A Mulaosmanovic et al. TED, 2019.
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Tan et al. VLSI, 2020.

| Das et al. EDL, 2022.
Dutta et al. EDL, 2022.
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B Lju et al. EDL, 2019.
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m Tasneem et al. EDL, 2021.
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Fundamental limit of the maximum memory window in a

ferroelectric FET is 2E_t:



Engineered FEFETs for enhanced MW

8nm/3nm(Al,03)/8nm/1nm(Al,O,)
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A ferroelectric-dielectric gate stack offers several

tuning knobs to engineer the MW properties

8/3/8

Das,, et al. "Experimental demonstration and modeling of a ferroelectric gate stack with a tunnel dielectric insert for NAND applications." IEEE, 2023.

Yoon, Sunghyun, et al. "QLC programmable 3D ferroelectric NAND Flash memory by memory window expansion using cell stack engineering." 2023 IEEE Symposﬁ:% Tech
on VLSI Technology and Circuits (VLS| Technology and Circuits). IEEE, 2023.

Fernandes,, et al. "Material choices for Tunnel Dielectric Layer and Gate Blocking Layer for Ferroelectric NAND Applications." IEEE Electron Device Letters (2024).
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Ferroelectric memories

107 .
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Ferroelectric memories

107

Ferroelectrics for flash
» \Voltage scaling below 15 V
« Z-scaling
« Challenge: Disturb and reliability

-

o
[
T

(s)

N
o
&
=

Ferroelectrics for the

DRAM/Storage class space

Ramaswamy et al. Micron, IEDM 2024

» Dual Layer 3-D stacked FRAM

4 » Capacity — 32 Gb (Sk Hynix DRAM —8 Gb)
» Latency — 180 ns (LPDDR5 - 60 ns)
» Density — 450 Mb/mm?

|
e L « Challenge: Speed-voltage trade-off
Y " ﬂ Ferroelectrics for embedded
Density (bits/mm?) memories/cache

24

memory

\ y 4
N\

/
] I
[ { Storage-class
\

\

—
o
1
.

Access time

! - ‘~———"

N
o
©
q

N
o
N
QA
o
\‘
= f
o F
(o]




Ferroelectric Field-Effect Transistor as an embedded

memory

Metrics Mainstream embedded memory Embedded ferroelectric memory
eSRAM eDRAM? eFlash eFlash (SG  eFlash FEFET FEFET FRAM (hafnia FRAM
(FG) MONOS)*?  (SONOS)*  (hafnia (hafnia based) (perovskite
based, MFIS based, based)®’
structure) MEMIS
structure)
Cell size 120-150F% 40F? 40-60F* 40-50F 50-60F? 10-30F? 10-30F? 30-40F? 50-60F?
Cell structure 6T 1T1C 15T 1.5T 2T 1T 1TIFE 1T 1T1FE, 2T2FE  1T1FE, 2T2FE
Non-volatile No No Yes Yes Yes Yes Yes Yes Yes
Multi-bit operation No No Yes Yes Yes Yes Yes No No
Non-destructive read Yes No Yes Yes Yes Yes Yes No No
Status Av. Dev. Av. Dev. Dev. Res. Res. Res. Av.
Advanced node 7 nm 22 nm 40 nm 16 nm 28 nm 22 nm FDSOI N/A N/A 130 nm
demonstration FinFET FinFET FinFET HKMG
Write voltage <1V <1V ~12V ~12V -5V 1.5-4V ~1.5V 1-3V 1.5V
Write energy ~11) ~1pJ ~100pJ  ~100 pJ 1-10 pJ 1-10 f) 1-10f) | ~100 fJ ~1pJ
Standby power High Medium Low Low Low Low Low Low Low
Write speed <lns >10 ns ~100ns <100 ns ~100 ns 1-10 ns 1-10 ns 1-10 ns Tps
Read speed <lIns >10 ns ~10 ns <10 ns ~10 ns 1-10 ns 1-10 ns 1-25ns 50-100 ns
Endurance >10'% >107 ~10# ~10° ~10¢ 10°-10° >10° >10"7 >10™
Georgia &&
Tech

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

2 3
Read/Write Device-to-device
Speed variation
Specs
<1.5 V write voltage <10 ns write speed AV 35 = 20-50 mV >10"2 cycles
>0.5 V memory window <10 ns read-after-write delay (7 nm node)

Low V, state High V, state
Vs GS

Gate Metal Gate Metal

DS

Drain Current l,

syttt tat

26
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation
Specs
<1.5 V write voltage <10 ns write speed AVt 35 = 20-50 >10"2 cycles
>0.5 V memory window <10 ns read-after-write delay (7 nm node

-

=
o
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- |
fc' HM e 1078 —
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g 10%] —s— Low V; State ’ :O 107
High V; Stat / =
IL 100 —_—— gl ate _.______f. g I'NT
% /\‘\/\/\/ 3 1
« 107! o
© £
310_2 T T T T T T T T T T T |(|'?)_ e '9
10° 10! 102 10° 10* 10° 10° 10’ 10°® 10° 10 a 10
Bipolar Fatigue Cycles 4 devices
o010
10° 102 10* 10° 10® 10'% 10"
Tan et al. IEEE EDL 42, 994 (2021). Number of bipolar pulses 2!
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation

<1.5 V write voltage

AV 3 = 20-50 mV >1012 cycles
>0.5 V memory window

(7 nm node)

10°

A IPRG/IERS= 100
VG| 10-2
0
J Ng 10+
/
: >
10¢
t, t, t; (e)
0 05 1 15 28

-vdelay,PRG/ vde/ay,ERs )
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.

Georgia@
Dahan, Yalon, et al. "Sub-nanosecond switching of Si: HfO2 ferroelectric field-effect transistor." Nano Letters 23.4 (2023): 1395-1400. Tech|)
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Progress in FEFET technology

2
Read/Write
Speed

3
Device-to-device
variation

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

<

Ref. 5: Si (IL-Si0y),
(0.8 V@100 ns, FEOL))

_ Ref. 1: Si (IL-SiNy ),
(8] Ge (ILfree) (1-0 V@D, FEOL)

L (0.6V@DC,
0.4V@10ps,

N3V @100ns) ‘
[ Ref. 6: Ge (IL-free),

(0.4 Y@5ps, FEOL
ol ¥ AT

Ref. 2: Si (IL-Si0,)
i (0.5 V@1ps, 100K, FEOL)
n l n l n l n

MW (V)

FEOL)

Ref. 4: Si (IL-Si0,),
(1.5 V@10 ps, FEOL)

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

O

1 2 3 4
Write Voltage (V)

[1] Tan et al., I[EEE 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] Diinkel et al., IEDM (2017).

[5] Nguyen et al., [EEE EDL, 42, 1295, (2021).
[6] Liu et al., IEEE EDL, 40, 1419, (2019).

[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
4, (2022).

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

Georgia @
Tech

CREATING THE NEXT



Ferroelectric memories

107

Ferroelectrics for flash
» \Voltage scaling below 15 V
« Z-scaling
« Challenge: Disturb and reliability

-

o
[
T

(s)

N
o
&
=

Ferroelectrics for the

DRAM/Storage class space

Ramaswamy et al. Micron, IEDM 2024

» Dual Layer 3-D stacked FRAM

4 » Capacity — 32 Gb (Sk Hynix DRAM —8 Gb)
» Latency — 180 ns (LPDDR5 - 60 ns)
» Density — 450 Mb/mm?

|
e L « Challenge: Speed-voltage trade-off
Y " ﬂ Ferroelectrics for embedded
Density (bits/mm?) memories/cache

30

memory

\ y 4
N\

/
] I
[ { Storage-class
\

\

—
o
1
.

Access time

! - ‘~———"

N
o
©
q

N
o
N
QA
o
\‘
= f
o F
(o]




Ferroelectric memories
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Ferroelectric memories
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Ramaswamy et al. Micron, IEDM 2024

» Dual Layer 3-D stacked FRAM

» Capacity — 32 Gb (Sk Hynix DRAM —8 Gb)
» Latency — 180 ns (LPDDR5 - 60 ns)

» Density — 450 Mb/mm?

» Challenge: Speed-voltage trade-off

107 ” “”11.08 TS Ferroelectrics for embedded
: : s “ memories/cache
Density (bits/mm?) « Density and speed
Also worth noting two other technologies: » Challenge: Speed-voltage
1/ Ferroelectric tunnel junctions (FTJ) 30 trade-off, reliability, variation

2/ Ferroelectric Non-volatile Capacitors (nVCaps)
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