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Examples

“Explain quantum computing in
simple terms"

“Got any creative ideas for a 10
year old’s birthday?"

“How do | make an HTTP request
in Javascript?"

ChatGPT

4

Capabilities

Remembers what user said
earlier in the conversation

Allows user to provide follow-up
corrections

Trained to decline inappropriate
requests

ChatGPT -

A

Limitations

May occasionally generate
incorrect information

May occasionally produce
harmful instructions or biased
content

Limited knowledge of world and
events after 2021

° You

Consider an n-type MOSFET with N_A=7E18}m"3. The gate length of the MOSFET
L=2 um, width W=12 um and the oxide thickness t_ox= 8 nm.
Take N_C=N_V=1E25 m"-3, E_G=112 eV, n_i=1.5E{16} m"-3, kT=0.026 eV.

Calculate the numerical values of following quantities.
(1) phi_B=|E_F-E_l,

(2) the oxide capacitance C_ox,

(3) the maximum depletion width W_max , and

(4)the threshold voltage V_t.

ChatGPT
To calculate the quantities @




How the computing paradigms have evolved
Cloud and Edge Al
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ACCELERATING COMPUTE COMPLEXITY
Computational Requirements for Training Transformers
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A story of algorithm, software, and hardware
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Innovation at the core - Logic

# of transistors

FinFET
1013, r T T 1 22nm, 2012 '
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Innovation at the core — Memory / Cache

The primary bottleneck for performance, energy efficiency, and sustainability
in Al computing is memory — Cache, main memory, storage

NLP workload

Compute
- 18%

Memory
82%

We want memory systems to be of low latency, high bandwidth, high
capacity, and high energy efficiency.



The primary bottleneck for performance, energy efficiency, and sustainability
in Al computing is memory — Cache, main memory, storage

Cereb

AMD 3D V-Cache™ Technology

Technology Leadership | Process Leadership | Gaming Leadership

s o i
Cerebras WSE-2
2.6 Trillion Transistors
46,225 mm?Silicon

Ryzen - 64 MB L3 Cache extension WSE2 - 60 GB on chip memory
EPYC GENOAX 1GB L3 Cache https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes

https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-
of-13-cache-shipping-now



https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.techpowerup.com/review/amd-ryzen-7-5800x3d/2.html
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.avadirect.com/blog/amd-3d-v-cache-technology/
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.anandtech.com/show/18914/amd-epyc-genoax-cpus-with-11gb-of-l3-cache-shipping-now
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes
https://www.semianalysis.com/p/cerebras-wafer-scale-hardware-crushes

Innovation at the core — Memory / Main memory

The primary bottleneck for performance, energy efficiency, and sustainability
in Al computing is memory — Cache, main memory, storage

AMD Fiji GPU architecture - Radeon R9 Fury X
graphics, introduced in 2015.

GH200 Grace Hopper Superchip -HBM3e

https://www.hpcwire.com/2023/08/09/nvidia-adds-faster-hbm3e-memory-

to-the-gh200-grace-hopper-platform/

https://pcper.com/2015/05/high-bandwidth-memory-hbm-architecture-amd-
plans-for-the-future-of-gpus/
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Innovation at the core — Memory / Storage

The primary bottleneck for performance, energy efficiency, and sustainability
in Al computing is memory — Cache, main memory, storage

LLMina fl h: Flaihol(\)/kén;ory GPU & CPU
Efficient Large Language Model Inference with Limited Memory & L
o
o
T
Keivan Alizadeh, Iman Mirzadeh®, Dmitry Belenko®, S. Karen Khatamifard,
Minsik Cho, Carlo C Del Mundo, Mohammad Rastegari, Mehrdad Farajtabar
Apple ! l ~1GB/s | o ggAth

(a) Bandwidth in a unified memory architecture

https://arxiv.org/pdf/2312.11514.pdf
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Let's dive down to devices and materials



Ferroelectricity

Classical Ferroelectric
PbTiO; , BaTiO5 etc.

Emerging CMOS compatible
Ferroelectrics:
Doped HfO,

o Metal, | P Q. Metal P Q_:+Po /.4>\
Sl g R | T 23
E| QoL ll Al JE| Q0K g
AARARARANS VR0 - 5| o
~ Metal Qe ‘Metal” """ D?_.;o)k/.</&§i
_V'C +=VC B
A ferroelectric is an insulator with a spontaneous polarization, Voltage, V

which can be switched by an above coercive voltage .



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,)

° :53

o> @




Ferroelectric devices (1 of 2)

Ferroelectric D
Random Access O—I
Ferroelectric-Metal Memory (FRAM) G
Field-Effect S
Ferroelectric Transistor (FEMFET)
Field-Effect Transistor
(FEFET) D
Conventional Logic D o—l—l
Transistor (MOSFET) G =
D é 5
S P
é’_' Gate Metal
S oele —> PP
I V. [ ]
D a— Via
log /, log I, Back endT
— Front end
4/ Metal l
Gate Metal v Gate Metal < (floating Raised
o Vv, gate) Dra
nterfacial Layer (IL) Interfacial Layer (IL)
A.morpht‘ous ) . Amorphous
S hlgh-|f[d|electr|c - Ferroelecltlnc . —— high-K d, ilelectric\ 5
Fin ) Fin Fin Fin
Si0, Si0, Si0,
i |
Substrate /4 Substrate V4 Substrate /4 Substrate Gegrreggﬁ NIM

Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.
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Ferroelectric devices (2 of 2)
BEOL FEFET Vertical FEFET for NAND Storage

Ferroelectric
Field-Effect Transistor
(FEFET)

_Gate Metal _

Ferroelectric

Passive Oxide Metal contacts

Channel poly-Si
Filler Oxide

Gate poly-Si
FERRO Si:HfO, layer

(b)

Georgia &

| Tech
CREATING THE NEXT

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



Opportunity for NAND
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Vertical NAND Scaling

NAND String Bit Line (BL) L7

[y
o
=]

\

Select
Gate
Drain
Worgsigm
(WL)

[y
o

A 2D MLC
A 2DTLC
A2DAlC

Select Gate
Source

Areal Density [Gb/mm?2]

2D NAND

3D MLC
® 3DTLC
e 3DaLC

Safires

Line (SL) 2008 2013 2018 2023 2028
Year

A. Goda, IEEE, TED 2020

Tanaka et al., 2007 VLSI Tech.

Relentless innovations have led to a 50x improvement in bit arial density per é%ﬁﬁ
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Vertical NAND Scaling 7
X-Y shrink 20'22 ‘
Physi / ‘
ysical

scaling Z shrink ? g
g
201 3’ ’ a
Z Z
Samsung 24 Mﬁ SLC 1 bit/cell ‘ ’
Logical A MLC 2 bit/cell / ’
scaling TLC 1 bit/icell ~ Samsung 236L TLC 4

, SK Hynix 238L TLC
11 'QLC 1 bit/cell  Micron 2:?]%|_2-L|-|b(l3_c ?



Vertical NAND scaling toward 1000 layers

Layer stacking trend

Word Line Layers (ea)

~1000

V1 N3 V5

V7

Vo Vil Vi3
Generations

Fig. 1. Number of word line layers by generation

Package thickness limits the NAND chip height.

Package

NALJD Chip

PKG Substrate

A A 4 4 4 4 4 4 4

)

A4 4 4 4 4 4 4 4

Fig. 4. Package thickness limit with multiple chips

Aggressive Z-scaling is required.

CTN CTN
BO |7° Oxide BO |T° Oxide
_ 1 [ N\
WLN+1
WLN+1
3
WLN-1
WLN-1

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

23 23
Han et al. Fundamental Issues in VNAND Integration
Toward More Than 1K Layers. IEDM 2023. Paper. 35,1



Challenges for 1000+ layer vertical NAND

€ Lateral charge migration

@ High write voltage

CTN T0 CTN
BO | |0 Oxide BO |T° Oxide
1 /
WLN+1
[ ]
WLN+1 :
e 1.
33 83
WLN H m-. WLN ;l:-b;
WLN-1 s
[ ]
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.

S Cell-to-cell interference will significantly
Vyy distribution increase with aggressive Z-scaling for 1000L
\/NAND 24



Ferroelectric as a replacement for Charge Trap

Layer

Ferroelectric stack (< 19 nm)

Oxide Filler

WL1
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, trc < 19
nm 5

jia

A
Write voltage < 15V ch

[E NEQH

Mamananrns windnw M\A/ > R R\/



Ferroelectric field-effect transistor

FE

\IL

Oxide

i\

WL1

WL2

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



Ferroelectric field-effect transistor

L Oxide R
[ PGM

(+ve)

PGM - &

PGM (positive voltage) pulse sets the Vt to high Vt state in FEFET



Ferroelectric field-effect transistor

Ip
L Oxide R
/ | PGM ERS

(+ve) (-ve)
ERS <,‘E

PGM - &

ERS (negative voltage) pulse sets the Vt to high Vt state in FEFET



Fabrication and MW measurement

® Substrate preparation (RCA clean)
® Native Oxide (SC1 for 10 min)

W ® NAND gate stack deposition (Veeco ALD @250C) T T T v
100
foonm ® W top electrode deposition (sputtered, 100 nm) MW = Vsz — Vfbl

® HZO crystallization annealing (RTA, N, 500C, 30 sec)

NAND gate stack (19 nm) . Patterning 1 - 1 "
SiO; (1 nm) ® W Etch (SFs:0,)
Sj ® FGA (400 C, 30 min) —
| " 0.8
Pre-pulse (\)
Cv CvV LL
Read Read 3 0.5
] pd ~—
V PGM v O

ERS 0.2

The MW of the gate stacks were : : : -
measured from the capacitance-voltage -3 -2 -1 0 1 2
(C-V) curve using constant capacitance

R 7 © Sy S

Gate Voltage (V) 29



Impact of tunnel dielectric insertion

19

W

HZO
19 nm

15V:

~ 13V (2 bit/cell)

R e R « DT T

0 3 6 9 12 15 18
Vwrite (V)

10 nm HZO layer leads to maximum memory

window of 2.9 V. v



Impact of tunnel dielectric insertiqn 3 DA

19
W

HZO
19 nm

9/1/9

W

HZO
9 nm

Al,O4
1 nm

HZ0
9 nm

SiO,

9/1/9 19V 1

ALO,
Increases i
MW &V, |
1
1

3 6 9 12 15 18
Vwrite(v)

Introducing 1 nm Al,O; intermediate layer
dramatically memory window to 5.3 V.



10N
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IC INSe

Impact of tunnel dielectr
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-, aw
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R Ls s ranas a
- -
SRR T v s
L el T LT
e Err

i I U

SAseraraen
e Ll T I
CRERRS AT e v s

.-cual'IOvOODQuOt

"0..'00.0....!....'0

NAND gate stack (19 nm)
SiO, (1 nm)
S
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bserved.

IS O

Full coverage of 1 nm Al,O,

ia
Te%h
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Impact of tunnel dielectric insertion
8/1/8 8/2/8 8/3/8 >65V(3 -bit cell) 8/3/8 p |

_______________________________________________

AR 8/2/8
= [(Zbitcel) __J L 7P 818 ____
=9 919

MW Enhancement
with Al,Oj thlckness _

O 3 6 9 12 15 18
Vwrite(v)
FE 8 nm —-AIO 3nm-FE 8 nm leads to a

7.3V maximum MW for a 14 V write
voltage. 9




Impact of tunnel dielectric insertion

8/1/8 8/2/8 8/3/8

O-
=
= 8.
>
o [
e,
£ 6
>;
SIS~
012 3
AlL,O4 AlL,O,
Thickness (nm) Thickness (nm)

For a fixed FE layer, increase AlO layer

increases the MW while increasing the. write
voltane <17 '\/




Validation on FEFET structures

Pre-pulse
Ip-Vs Ip-Vs
Read Read
. .
v PGM v
ERS

100 =
. £ 107=: |
S/D Implantation 3 N y /7
Screening oxide etch 31 1074 =% U ! —
ALD of gate stack = y —=
500 °C, 30 sec anneal = 10} '//, 1 =
HZO Dry etch = . Sh i 06 N
Standard ILD 107 ¢ ll Y ‘ ! —
Al Metallization S ——— A ——
FGA (400 °C, 30 min) 32101 23453210123 45-3-2-101231425
V.o (V) V.o (V) V.o (V)
write write write

Memory window measured in FEFETs matches quantitatively with
those measured on MOS capacitor structures with equivalent gate """



Validation on FEFET structures

Capacitor vs FEFET MW comparison
73V 7.5V

6 2.3V 51V

29V 29V

S/D Implantation
Screening oxide etch
ALD of gate stack
500 °C, 30 sec anneal
HZO Dry etch Cap  FET Cap  FET Cap  FET
Standard ILD 19 919 838

Al Metallization B Capacitor MW = FEFET MW
FGA (400 °C, 30 min)

Maximum MW (V)

Memory window measured in FEFETs matches quantitatively with
those measured on MOS capacitor structures with equivalent gate




Where is the MW enhancement coming

from?

19

W

HZO
19 nm

SiO,

9/1/9
W

HZO
9 nm

Al,O3
1 nm

HZO
9 nm

SiO,

19

nm

37



Where is the MW enhancement coming
from?

M
Engineered FEF[FT

Standard FEFE[T

Trapped charges are the key differentiator.



Why do we call it a tunnel dielectric?
e

Electron

Capture Hole
Capture

m— &R
)/ 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”

3
4J2mAOCDTn(p),Ao>

Ten(p),i=2(1) = Ten(p)i=1(2) = To €XP <_ 3qhEsp

The interface trapped charges is hypothesized to interchange position via tunneling!



Decoupling the impacts of different trapping
mechanisms

M FE DE FE
Py —) | P —
A A
Oy Otz
Absence of

screening trap charges HZO/SiO, Traps only  Al,O3/HZO + HZO/SIO, Traps

Opy = Opy = Op3 = 0 Ot1 = 0y = O, Ot3 #0 011 * O, () * 0, O¢3 =0
5 5 8
19 9/1/9 61 p
e g P 9/t
5 \g/ 4 -
= 3
24
1 -
Ol | o - 1 ol=
0 3 6 9 12 15 18 0 3 6 9 12 15 18 0 3 6 9 12 15 18
Write Voltage (V) Write Voltage (V) Write Voltage (V)

Trap effects are responsible for the observed MW trend
(MW: 8/3/8 >9/1/9>19) 40



MW enhancement mechanism with band
diagrams ! HZ0 S0, p-Si




Ferroelectric NAND

Charge Trap
Flash

Conventional
FEFET

Proposed
FEFET

Structure Characteristics Band diagram at FB condition Attributes
2 o Si | v Large MW
G—I|E —EEI?VSA— PGM x Large Write Voltage
2 MW <« CTN Mechanism:
Charge Trap s Trapping
Nitride V2V, Ve
3 | |l = | xLowmw
{ g ERS PGM Si | v Low Write Voltage
G Il Laf [T+ | G — |
%) AR A Mechanism:
Ferroelectric - — FE U Polarization
(FE) V2 V1 VG Switching
|3 Si v Moderate Write
c | \Voltage
c~ ‘ : ERS PGM | g
&b MW o Mechanésm: )
Al,O,- — : ' olarization Switching
278 v, VvV, V. FE FE

tunnel Oxide

+ Trapping + Tunneling

42



Ferroelectric NAND

» Ferroelectricity presents opportunities for NAND ] ~ Max MW
storage technologies.

= Write voltage reduction and memory window
enhancement.

)

(00]
P
L)
RN
N

»

Al, O, thickness (nm
S

8 -
= Potential for QLC by stack engineering. 2
» Vertical scaling towards 1000 layers. 2. o
iy ; I
0 R —
5 6 7 8 9

» Further exploration and engineering required for FE thickness (nm)
* Tunneling mechanism
= Disturb characteristics and mitigation.

= Alternative structures can also lead to MW enhancement via gate side injection
through blocking layer. 13

= See: Lim et al. Comprehensive Design Guidelines of Gate Stack for QLC and
Highly Reliable Ferroelectric VNAND. IEDM 2023 paper 35.4.



Opportunity for V-FeNAND

NAND FLASH
107" » Limited scaling (oxide>20 nm)
= High write voltage (~20 V)
HDD =  Slow write (1-10 ms)
103 F S \/ N AND » Limited endurance (103 for MLC)
0 ~ ) V-FeNAND
) /! Gap K = Scalable oxide (<5 nm)
10°F I \ _
.g I s | 1 = Smaller write voltage (~10 V)
" \ tor;igrs;‘;;ss H = Fast write (<1 ps)
8 10-7 r \\ ,I
O \ 4
O - \\~ ’/,
< ,é 3 [—
9l ap
@
107" :
107 108 10° 1010 10"

Density (bits/mm?)

Georgia @
44 Tech
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Opportunity for Cache

10"

— — —
3 S 9
~ (&) w
i | i | il

Access time (s)

—_
<
©

~ s

\
1

/
]
i Storage-class
\\ memory

\
N

-_—
(@)
N
—_ =
o
N

108

10° 100
Density (bits/mm?)

45

DRAM:

SRAM:

Cell area | Speed
6-30F2 | <10 ns

140-280F? | <1 ns

Georgia @
Tech
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Materials are central to Future Electronics

Performance Gain

100%

80%

60%

40%

20%

0%

Elements of Performance Projected
Gain Elements of Performance
2010-2020 Gain 2020-2030

Micro-architecture

~ Missing?

Adapted from Samuel
Naffziger(AMD), CICC 2021
And
Lisa Su (AMD), ERI DARPA Summit,
2019 )
Georgia B&
Tech
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FEFET 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) MFMIS
structure)
Cell size 120-150F7 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 ~100pJ 1-10 pJ 1-10 fJ 1-10 fJ | ~100 1) ~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 <lns >10ns ~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 AVt 35 = 20-50 mV >10"2 cycles
>0.5 V memory window <10 ns read-after-write delay (7 nm node)

48

Georgia @
Tech
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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
W

- |
f:_ W e 10-6
> 107 < LVT
2 o g,
P 101 —e— Low V; State o = 10

~o— High V; State [
;L 10° ',,,('. e P HVT
Ulo—l W 8 10
© c
-910_2 T T T T T T T T T T T |(|'?,_ § -9

10° 10! 102 10° 10* 10° 10° 10’ 10°® 10° 10 a 10

Bipolar Fatigue Cycles 4 devices
o010
10° 10?2 10* 10° 10® 10"0 10"
Tan et al. IEEE EDL 42, 994 (2021). Number of bipolar pulses 9

Georgia @
Tech

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



Progress in FEFET technology

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

IPRG/ IERS =100

ol =~ I O

“le)

0 05 1 1.5
'Vde/ay,PRG/ vdelay,ERs V)

50

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



Benchmarking Memory Window v. Write Voltage Tradeoff

MW (V)

1.5

0.5

Ref. 4: Si (IL-Si0,),

Ref. 3: IWO (IL-free), (1.5 V@10 us, FEOL)

(1.6 V@DC, BEOL)

Ref. 1: Si (IL-SiNy),

1.0 V@DC, FEOL
( ) Ref.5: i (IL-Si0,),

(0.8 V@100 ns, FEOL))
Ref. 7: Ge (IL-free)

Ref. 6: Ge (IL-free), ‘ (0.5 V@100 ps,
(0.4 V@5ps, FEOL) FEOL)

| O

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

2 3 4 5

Write Voltage (V)

[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] Diinkel et al., [EDM (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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MW (V)

Ref. 4: Si (IL-Si0,),

Ref. 3: IWO (IL-free), (1.5 V@10 us, FEOL)

(1.6 V@DC, BEOL)

Ref. 1: Si (IL-SiNy),

1,0 V@DC, FEOL
t 1ove ) Ref. 5: Si (IL-Si0y),

here (0.8 V@100 ns, FEOL))

Ref. 7: Ge (IL-free)

Ref. 6: Ge (IL-free), ‘ (0.5 V@100 ps,
(0.4 V@5us, FEOL) FEOL)

| O

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

2 3 4 5
Write Voltage (V)

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] Diinkel et al., [EDM (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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Write voltage vs. memory window trade-off
Write=4V
Gate Gate metal stack
» Ferroelectric (5-10 nm)
Interfacial Ox. |L( 1 nm) L

S Sem|conductor » Semiconductor
FE 1.3V

. s

Si 0.7V
Si (0.7 V)

@

53



Write voltage vs. memory window trade-off

Write=4V

Gate metal stack

> Ferroelectric (5-10 nm)

Interfacial Ox. — IL ("‘1 nm)

:JJSemiconductor i B » Semiconductor

. e

:> Reducing the thickness of the IL or
increasing the K of the IL.

Reducing FE thickness reduces MW.
|:> |lemax=2VC

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

Si (0.7 V)

54



Remote oxygen scavenging to reduce IL thickness

Before anneal During anneal After anneal

@ O - Oxygen atom O - Oxygen vacancy

55
Tasneem et al. “Remote Oxygen Scavenging of the Interfacial Oxide Layer in Ferroelectric Georgia@

Remote-Scavenadin Hafnium-Zirconium Oxide-Based Metal-Oxide—Semiconductor Structures”, ACS Appl. Tech |
g g Mater. Interfaces 2022, 14, 43897-43906 CREATING THE NEXT




Remote oxygen scavenging to reduce IL thickness

Atomic Fraction (%)

(€)

100 : $ - -
Non-Scavenging i £ O mid point Remote-Scavenging EE /O mid point
80 . S N -
Si mid point o /_'—/_‘ Si mid point—is
60 | |
1
I
I
" : :
1 I
1 I
20 | :
i I
1
0 ]
0 4 6 8 10 0 2 4 6 8 10
Distance (nm) %
Tasneem et al. “Remote Oxygen Scavenging of the Interfacial Oxide Layer in Georgia JL
Ferroelectric Hafnium—-Zirconium Oxide-Based Metal-Oxide—Semiconductor Tech||

Structures”, ACS Appl. Mater. Interfaces 2022, 14, 43897-43906 CREATING THE HE



Remote oxygen scavenging to reduce IL thickness

— Non-Scavenging

Non- ; Remote-
3 | Scavenging ' Scavenging .

V (V)

— Remote-Scavenging
— Non-Scavenging

Ve

N
=

O

i > SN N

s v N gD 2,
4 2 0 2 4 = - x .
Vi) Georgia @
Tech

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 FHERTERRE R



Park et al. (under review)

“ Ti 30 nm '

HZO
1 Or

Ti 30 nm

HZO

Si or Ge

|L—Hf —2r 0 —stI

Non-Scavenging i g 0 mid point Remote-Scavenging | /O mid point
1 o » . " .
5 | IL is-non=visible

Si mid point —3 /f Si mid point—
1

L Ge

1
1
1
I
I
I
I
i
I
[
6

0 2 4 8 10 o0 2 4 6 8 _10 58
Position (nm)
Georgia @
Tech

Remote oxygen scavenging can result in controllable IL thickness.
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The effect of the IL thickness on Vc

. W s .

A Y= of—W = 2.7V

O ol gl T - 2.5V

c To.0} AT 1 S 251 \ | AN {

- 20 1 = 1 1 = g [}

2 20| 11N1inj'09_ TiN 12 nm n_,—TiN12nm ]2 Y| \

- 0 ! (e > 20 T 0

=I -20 % o0 1 1 1 = 1 3 1 L g) 2.2 V \

£ 20 Nzim] 0.9 —TNzom| | [—TNzam] . g15 ! S

% '23 . .:0.0-. : A N : . 210. + \

L [——TiNO ~ |99 F=TiNo r—or—" 1 1 ----- s-1

B [T == " TN oo 0.9V

8 20 } {00r VA T w ] 05— S Lo
R - N O . ) . . . \\| ‘\“\ ‘L““\ Q“«\ N\ “((\ ’L“‘(\ g o
-4-20 2 4 4-2024 420 2 4 AT WP

Voltage (V) Voltage (V) Voltage (V)

59
Dramatic reduction in coercive voltage is observed in Ge platform a|

with the change of the gate metal stack.



Ge-channel FEFETs with record-low write voltages

HZO 6 nm

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

60
Georgia @
Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write Tech|
Voltage." IEEE Electron Device Letters (2022). o e



Ge-channel FEFETs with record-low write voltages

~
@)
~—

= 1 Ge-FEFET

|
=

N
()

——"

i
L §
-—-—‘_
0
i W
2
P (uF/cm®)
o
2]
-
m
n
m
-

X

“a
(_n\
1

N

(D)

-V,

-1.2v 3.0V
\ ) ) G(_e -0.8}/ 1.0V )
2 4 -2 0 2 4
Write voltage (V) Write Voltage (V)

Significant increase on the on-capacitance and reduction in coercive
voltage in Ge-channel FEFET.

61

Georgia
Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write TeChM

Voltage." IEEE Electron Device Letters (2022). S



DC I,-V,; characteristics

(a) (€) 100 : " 100 : :
10 Ge-FEFET 10 Si-FEFET
— Vps = -50 mV Vps = -50 mV
\V £ \ V= 14V | 1072} * Ves=* 14V |
+ 2.
G 23. 107"} 3 1 2.5V
3 SRR W, — 104 f------- Y--Axr------
S— l\ 1 [ 1 —1
V S 107 i\ N
D= = E . i 107} E \ E |
1 1 1 \ 11
1 ~|n 1 i
103k e 1078 : i.!‘.
DC I5-Ve todob 1 T bed
Scheme i i No MW@ +1.4V (Trap)H E
0.58V@:l:1.4V:<—b: ; ay
L 0.57V @ 2.5V L—o
Significant reduction in the write voltage for iso-memory MW
condition in Ge-FEFET. 62
Georgia f\
Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write Tech|/

Voltage." IEEE Electron Device Letters (2022).
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Pulsed I,-V characteristics

Pre-pulse ERS

Ve
Vb

PG MV A A
read read

Pulsed I,-V Scheme

(PGM=ERS)

1t Reduction in
write voltage

1 2 3 4
Write Voltage (V)

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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Retention, endurance and read-after-write delay

Retention
- - 0.8
o T g sporon
< 02 {06 S
o 0 R0% e
w0 MW= 10.4 4
3 -V >
.02 o—cRoRO0M® 0.2
g ‘2
-0.4 0

10°  10°  10°
Retention Time (s)

Read-after-write delay

1 n_' o - - :
0.8}
0.6} Si-FEFET, +3.5V -
0.4[ @O GerereT, +1.8V |
0.2}

0 3 4

10° 10" 10" 108

tDelay (S)

MW, AV, (V)

© o o o

Endurance

#Cycles

The Ge-FEFET show write endurance of 107 cycles, excellent data retention

and immediate read-after-write capability. o
Georgia |
Das, Dipjyoti, et al. "A Ge-Channel Ferroelectric Field Effect Transistor with Logic-Compatible Write Tech|)

Voltage." IEEE Electron Device Letters (2022).
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Benchmarking Memory Window v. Write Voltage Tradeoff

MW (V)

1.5

0.5

Ref. 4: Si (IL-Si0,),

Ref. 3: IWO (IL-free), (1.5 V@10 us, FEOL)

(1.6 V@DC, BEOL)

Ref. 1: Si (IL-SiNy),

1.0 V@DC, FEOL
( ) Ref.5: i (IL-Si0,),

(0.8 V@100 ns, FEOL))
Ref. 7: Ge (IL-free)

Ref. 6: Ge (IL-free), ‘ (0.5 V@100 ps,
(0.4 V@5ps, FEOL) FEOL)

| O

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

2 3 4 5

Write Voltage (V)

[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] Diinkel et al., [EDM (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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Benchmarking Memory Window v. Write Voltage Tradeoff

MW (V)

1.5

0.5

-**

" This Work

Ref. 4: Si (IL-Si0,),

Ref. 3: IWO (IL-free), (1.5 V@10 us, FEOL)

(1.6 V@DC, BEOL)

Ref. 1: Si (IL-SiNy ),

1.0 V@DC, FEOL
( ) Ref. 5: Si (IL-SiOy),

(0.8 V@100 ns, FEOL))

Ref. 6: Ge (IL-free), ‘

(0.4 V@5ps, FEOL)

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

| O

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

2 3 4 5

Write Voltage (V)

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

[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] Diinkel et al., [EDM (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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Opportunities for Ferroelectric devices

N
o
N

(s)

—_
<
a

Accgss time
Q
1,

Gap

/

]
l Storage-class
\

\

memory /

\ /
\ 4
~ s

~~-_—’,

\
1
1
/

)

10°
Density (bits/mm?)

1010 1011
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DRAM:

FEFET:
SRAM:

Cell area | Speed
6-30F2 | <10 ns
5-10F? | 5-10 ns

140-280F2 | <1 ns
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Access time

Opportunities for Ferroelectric devices

V-NAND FLASH
-1
10 = Limited scaling (oxide>20 nm)
= High write voltage (~20 V)
103} ] =  Slow write (1-10 ms)
» Limited endurance (103 for MLC)
2 /  Gap \
10°F I \ _
{ Storage-class | Ferroelectric V-NAND
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Limits to the possibilities

Zettascale
computing
(102" FLOP/s)

Simulation of a X-51A recoverable hypersonic
vehicle over a one-hour flight path is intractable.
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Materials are central to Future Electronics
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The era of ferroelectronics

The next wave of exponential growth of the semiconductor industry depends on how
well the electronic hardware can support the explosion of data-centric computing.
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Plenty of Room at the Top and Bottom
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