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Sam Altman Seeks Trillions of Dollars
to Reshape Business of Chips and Al

OpenAl chief pursues investors including the U.A.E. for a project
possibly requiring up to $7 trillion

Artificial General
Intelligence (AGI) And
The Coming Wave
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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 -

VAN

Limitations

May occasionally generate
incorrect information

May occasionally produce
harmful instructions or biased
content

Limited knowledge of world and
events after 2021

Try SemiconductorGPT at
https://chat.openai.com/g/g-Wz4h6XhrV-semiconductorgpt
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GT ECE 3030 Course Assistant

@ 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_il,

(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 @




Creatlng VldeO from text

Sorais an Almodel that gan create realisticand
imaginative scenesfrom textinstructions.

AllVideos on this page Were generated directly =~ "%
by Sora without modification.

Capabilities Safety Research




How the computing paradigms have evolved

Smartphones

Data and Al
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ACCELERATING COMPUTE COMPLEXITY
Computational Requirements for Training Transformers
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A story of algorithm, data, and silicon
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Innovation at the core — Logic transistor

FinFET
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Innovation at the core — Memory
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Human generated data Machine generated data
An individual created an average of A connected car create up to
120 MB of data per hour in 2020. 25 GB of data per hour.



Sustainability of computation

1.3 GWh of energy An American household consumes
552 metric ton of CO, emission 11 MWh per year.
413 accelerator years

Required for training GPT-3 @ﬁ@@ﬁﬁﬁﬁﬁﬁ
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To train a large Al model like GPT-3 requires the same amount of energy
consumption as an American household would consume in 120 years.

https://www.bloomberg.com/news/articles/2023-03-09/how-much-energy-do-ai-and-chatgpt-use-no-one-knows-for-sure
Patterson, David, et al. "Carbon emissions and large neural network training." arXiv preprint arXiv:2104.10350 (2021).
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Sustainability of computation

G Google . ChatGPT

0.0003 kWh per search?
8.5B searches per day? 0.001 — 0.01 kWh per query

15 TWh per year for 8B search per day
912 GWh per year
Enough for 90,000 US household Enough for 1.5M US household

The energy required to perform a search using a large language model (LLM) like
we do with Google Search would be ten times higher!

1Al and its carbon footprint: How much water does ChatGPT consume? | Mint Lounge (livemint.com)
2How Many People Use Google? Statistics & Facts (2024) (seo.ai)

Georgia |
Tech||
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https://lifestyle.livemint.com/news/big-story/ai-carbon-footprint-openai-chatgpt-water-google-microsoft-111697802189371.html
https://lifestyle.livemint.com/news/big-story/ai-carbon-footprint-openai-chatgpt-water-google-microsoft-111697802189371.html
https://seo.ai/blog/how-many-people-use-google
https://seo.ai/blog/how-many-people-use-google

Sustainability of computation

Projected energy cost of computation
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Compute energy rises exponentially, while
global energy production grows linearly.
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Materials are central to Future Electronics
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Materials are central to Future Electronics

Performance Gain

100%

80%

60%

40%

20%

0%

Elements of Performance Projected
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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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Generational challenges in memory
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Tech

2. Gaps in the memory hierarchy
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Let's dive down to devices and materials

20

Georgia
Tech
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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 .



Ferroelectric field-effect transistors (FEFETSs)

Low Vt state

Drain Current ID

Gate Voltage V

High V, state

"4

GS

Gate Metal

HERN

gttt tat

p-type Si

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.

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

Ferroelectric D
Random Access O—I
Ferroelectric-Metal Memory (FRAM) G
Field-Effect S
Ferroelectric Transistor (FEMFET)
Field-Effect Transistor
(FEFET) D
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D K 5
S P
£_| Gate Metal
S oele - «—
|_' I V. [ ]
D a— Via
log /, log /, Back endT
= Front end
=] Metal l
Gate Metal v Gate Metal (floating Raised
G V‘3 Dra
nterfacial Layer (IL) Interfacial Layer (IL)
it gl Ferroelectst Amorphous
Si g letectic 5 Errosiece 8 .—highKdielectric—___ 5
Fin . Fin Fin Fin
Si0, Si0, Si0,
i |
Substrate Vs Substrate 7 Substrate V4 Substrate Ge?.-re%ﬂ 4

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)

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
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Tan et al. IEEE EDL 42, 994 (2021). Number of bipolar pulses 2!
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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)

28
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Wang, Z., Tasneem, N., Hur, J., Chen, H., Yu, S., Chern, W., & Khan, A. (2021, December). Standby bias improvement of read after Tech|/

CREATING THE NEXT

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).

29
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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)

@
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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)

32



Remote oxygen scavenging to reduce IL thickness

Before anneal During anneal After anneal

@ O - Oxygen atom O - Oxygen vacancy

33
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




Park et al. (under review)

“ Ti 30 nm '

HZO
1 Or

Ti 30 nm

HZO

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

l . Nujhat Chinsung
/ Si  Tasneem Ge Park
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Dramatic reduction in coercive voltage is observed in Ge platform 2 |

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.

Dr. Dipjyoti
Das 38
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Ge-channel FEFETs with record-low write voltages

~
@)
~—

= 1 Ge-FEFET
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i
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i W
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P (uF/cm®)
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-
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n
m
-
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(_n\
1
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(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.
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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. 40
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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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Benchmarking Memory Window v. Write Voltage Tradeoff

MW (V)

1.5

0.5

Yo

This Work

Ref. 4: Si (IL-SiOy),

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: s (IL-Si0y),

(0.8 V@100 ns, FEOL))

Ref. 6: Ge (IL-free), ‘

(0.4 V@5ys, FEOL)

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

| O

Ref. 2: Si (IL-SiO»)
(0.5 V@1ps, 100K, FEOL)
L . 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).
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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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Ferroelectrics for last level cache

10™"
103 1
w /
~ \
°E>10'5 r |'I \ 1
= | Storageciass ] Ferroelectrics for embedded
7)) memory / \
2. o7k AN / ] memories/cache
9 Y .’  Density
< == « BEOL compatibility
0 - o
t . . . Cell area | Speed
107 108 10° 1010 10" DRAM: 6-30F2 | <10 ns
Density (bits/mm?) FEFET: 5-10F2 | 5-10 ns
SRAM: 140-280F? | <1 ns
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Ferroelectrics for flash

107
10 3 T ’—_-~ .
R
» R4
g ’ Gap
-5
°E>1o [ ! \ 1
= :\ Storage-class ’l
% , \ memory l,
Q10" f \\ / ;
; Gap .
o r@ D

Density (bits/mm?)

107 108 109 1010

1011

‘ Ferroelectrics for flash?

— Ferroelectrics for embedded
memories/cache

* Density
« BEOL compatibility
» Fast
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Vertical NAND Scaling Z
X-Y shrink iy /
2022
Physi / %
ysical
scaling Z shrink ? g
, - B
Samsung 24 MLC /
£ SLC 1 bit/cell ‘ ’
Logical L MLC 2 biticel / ’
scaling TLC 1 bit/cell ~ Samsung 236L TLC 4
SK Hynix 238L TLC
— |||} QLC 1 bit/cell  Micron 2:%_2 Ilb(f_ . ?



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.

49 49
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 o0



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 )1

jia

A
Write voltage < 15V ch|

'E NEST|

Mamananrns windnw M\A/ > R R\/



CTF vs FEFET

CTN
TO

B | I fxide

WL1 WL1

WL2 WL2




CTF vs FEFET (Program)

PGM

3¢
PGM $3
o0

CTF that stores data in the form of charge




CTF vs FEFET (Program)

CTN FE
TO \ IL .
Oxide N \ Oxide
| | T pem |Ip [T

PGM

tH
PGM $3
o0

Positive PGM pulse sets the Vt to high Vt state in CTF



CTF vs FEFET (Program)

CTN FE
TO \ IL .
B | Oxide A \ Oxide

|l T pem |Ip [T
PGM 33 PGM

33

r1J

i
PGM ¢ PGM

r1J

Ve

Positive PGM pulse sets the Vt to high Vt state in CTF



CTF vs FEFET (Program)

CTN FE

TO \ IL .
B | Oxide A \ Oxide
|l T pem |Ip [T
PGM 32 PGM
3
r1J
ss
PGM ¢ PGM
r1J
VG VG

On the contrary, Positive PGM pulse sets the Vit to low Vt state in FEFET



CTF vs FEFET (Erase)

CTN FE
TO \ IL .
Oxide N \ Oxide
| | T [T

pem |Ip
PGM [j>>

ERS

PGM [j>>

tH
PGM $3
o0

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




CTF vs FEFET (Erase)

ERS

PGM E>

PGM [j>>

tH
PGM $3
o0

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




CTF vs FEFET (Erase)

ERS

ERS <<?:

PGM [j>>

tH
PGM $3
o0

Negative ERS pulse sets the Vt to high Vt state in FEFET



CTF vs FEFET (Erase)

CTN
TO

ERS

PGM

Negative ERS pulse sets the Vt to high Vt state in FEFET

Oxide
1

ERS

ERS

PGM

PGM
(+ve)

ERS
(-ve)




CTF vs FEFET (MW)

CTN FE

TO \ IL .
B | Oxide N \ Oxide
[ Ip | T PGM ERS
ERS ERS <E| (+Ve) ('Ve)
ss
PGM $5 PGM E>
r1J
VG VG

MW - VTH — VTL




Impact of tunnel dielectric insertion

19

W

HZO
19 nm

S0 Dr. Dipjyoti
Das
6
5 s
<4
<, lavibicen i ]
<

0 3 6 9 12 15 18
Vwrite (V)

10 nm HZO layer leads to maximum memory

window of 2.9 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.
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Impact of tunnel dielectric insertion

HZO

Al,O,

HZO

Sio,

8/1/8 8/2/8

8/3/8

8 nm

8 nm

8 nm

1 nm

2 nm

8 nm

8 nm

3 nm

8 nm

MW (V)

N

N

>6.5 V (3-bit cell) 8/3/8 £

23V

_____________________

P19
- . MW Enhancement
o o with Al,O, thickness |

9 12 15 18
Vwrite (V)

FE 8 nm —AlIO 3 nm - FE 8 nm leads to a

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



Impact of tunnel dielectric insertion

HZO

Al,O,

HZO

Sio,

8/1/8 8/2/8

8-

8 nm

8 nm

1 nm

2 nm

8 nm

8 nm

8/3/8
>
< 5]
=

8 nm 5 51
4]
= 4]

3 nm

8 nm

AlL,O4
Thickness (nm)

9-
=
= 8.
>
_ 7
ke
2 6.
>§
S ) (- i
012 3
AlLO,

Thickness (nm)

For a fixed FE layer, increase AlO layer
increases the MW while increasing the write
voltage <15 V. -



Ferroelectric NAND

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

= Write voltage reduction and memory window
enhancement.

= Potential for QLC by stack engineering.
» Vertical scaling towards 1000 layers.

(00]
P
L)
RN
N
I

»

N

Al, O, thickness (nm)
N

o

FE thickness (nm)

= Further exploration and engineering required for @% Dr. Dipjyoti

Das

* Tunneling mechanism
= Disturb characteristics and mitigation.
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Ferroelectrics for flash

107
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g ’ Gap
-5
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= :\ Storage-class ’l
% , \ memory l,
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‘ Ferroelectrics for flash?

— Ferroelectrics for embedded
memories/cache

* Density
« BEOL compatibility
» Fast
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Ferroelectrics for flash

107

103 1
— - Ferroelectrics for flash
X10-5 r ',' ' 1 » Voltage scaling below 15V
-_g l Storage-class ’: £ Scalmg
) \ memor
0107 | . y / ‘

100k @Gao : — Ferroelectrics for embedded

~ memories/cache
* Density
10" : : : « BEOL compatibility
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Density (bits/mm?)
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Ferroelectrics for flash
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N 4 Ferroelectrics for the
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Micron: 32 Gb Dual Layer 3-D stacked FRAM
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Ferroelectrics for flash

107"

(s)

N
o
o
T

Accgss time
Q
1,

Gap A

\
1
1
/

/
]
= Storage-class
\\ memory /

\\ 4
~
BRAW ~~----"

-

108 10° 1070 10"
Density (bits/mm?)

71

Ferroelectrics for the
DRAM/Storage class space?
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2011->2023

APELIEDEHYSICSTETIER S0 112904 Q01D 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 AI Workloads
T. S. Bﬁscke,"z’:"b) St. Teichert,®") D. Brauhaus,* J. Miiller,® U. Schréder,>® U. Béttger,* N. Ramaswamy, A. Calderoni, J. Zahurak, G. Servalli, A. Chavan, S. Chhajed, M. Balakrishnan, M. Fischer,
?Lni T ’\/1[ilk<_)|2]i6|; ';909 i Gen M. Hollander, D. P. Ettisserry, A. Liao, K. Karda, M. Jerry, M. Mariani, A. Visconti, B. R. Cook, B. D. Cook,
e e [fm'ﬁ';rg(i';"ﬂ'yy D. Mills, A. Torsi, C. Mouli, E. Byers, M. Helm, S. Pawlowski, S. Shiratake, and N. Chandrasekaran
3UAS Jena, Department of SciTec, 07745 Jena, Germany Micron Technology Inc., Boise, USA, email: dramaswamy(@micron.com

‘RWTH Aachen, Institut fiir Werkstoffe der Elektrotechnik, 52062 Aachen, Germany
>Fraunhofer Center Nanoelectronic Technologies (CNT), 01099 Dresden, Germany

°Department of Nanoelectronic Materials, University of Technology Dresden, 01062 Dresden, Germany BE o L
(Received 18 July 2011; accepted 19 August 2011; published online 15 September 2011) i B
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We learned that if you think you can do
something,
you may very well be able to do
one thousand times better once you
understand what's going on.

7

John Mayo
Former President, Bell Labs
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What are the fundamental challenges to
address?

74
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Challenge #1 - Ferroelectrics require rather too a high
voltage and are slower

Coercive Voltage (V)

10.00:

1.00;

Fluorite

0.10=

A
i1,

Coercive voltage
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v
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oOCBdg
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e+m«% 00O

0.01
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Thickness (nm)

LI I B I |

1000

Switching speed
a) Timing LPDDR5 NVDRAM
tRC 60ns 185ns
tRCD 18ns 85ns
tWR 34ns 10ns
tRP 18ns 80ns
tAA 22ns 26ns
= DL1
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Ramaswamy et al. IEDM 2023

Understanding the switching mechanism may lead to techniques to

reduce write voltage and switching delay.
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Switching pathway

Tetragonal Orthorhombic Monoclinic

Non-polar
' - What is the structure
) | during polarization
reversal?
Polar orthorhombic
Understanding the switching mechanism may lead to techniques to Georgia @

reduce write voltage and switchingdelay,. s



Switching pathway
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What is the structure during polarization reversal?
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Challenge #2 - Scaling limit limited by grain boundaries and
direct tunneling?
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0.10

Coercive Voltage (V
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What role do the grain boundaries play in leakage and reliability?
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Challenge #3: Interface traps are essential for
polarization switching.

G G
|deal FEFET I |
Actual FEFET

1 Y. r 1 I’

neSi | n+ Si n+ S - S

p-Si
B

p-Si
| How can we probe the | ;

polarization screening
dynamics?
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Trap Emission and Capture During Write

5
Ve
I |
t
s Pe | 1, 30 103
b = <
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- - _5 .I l ‘ ‘
0 20 60 0 40 80
| Time (us) Tasneem et al. Trap Capture and
B

Emission Dynamics in Ferroelectric

N f el : h Field-Effect Transistors and their
missions of electrons into the Impact on Device Operation and

S/D during hole accumulation. Reliability, IEDM 2021.
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Trap Emission and Capture During Write
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— Emissions of electrons into the
S/D during hole accumulation.

Tasneem et al. Trap Capture and
Emission Dynamics in Ferroelectric
Field-Effect Transistors and their
Impact on Device Operation and

Reliability, IEDM 2021. 81



Trap Emission and Capture During Write
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Tasneem et al. IEDM 2021.
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Trap Emission and Capture During Write
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) S/D during hole accumulation.

Tasneem et al. IEDM 2021.
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Trap Emission and Capture During Write
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Tasneem et al. IEDM 2021.
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Trap Capture and Emission Dynamics
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Tasneem et al. Trap Capture and Emission Dynamics in Ferroelectric Field-Effect Transistors and their
Impact on Device Operation and Reliability, IEDM 2021.



Ferroelectric NAND
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Trap Capture and Emission Dynamics

« Trap levels Np and N, are
essentially discrete levels

* Donor type trap energy Ep is 0.93
eV above HZO E,

» Acceptor type trap energy E, is
0.98 eV below HZO E,

Passlack, Tasneem et al. IEDM 2022.
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Challenge #4: Polycrystalline microstructure
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Orientations in TiN and ZrO, are often correlated. 8
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Chae, K., Lombardo, S. F., Tasneem, N., Tian, M., Kumarasubramanian, H., Hur, J., ... & Khan, A. |. (2022). Local Epitaxial Templating  cazarme rae vexr

Effects in Ferroelectric and Antiferroelectric ZrO2. ACS Apolied Materials & Interfaces. 14(32). 36771-36780.



Epitaxial-like templating: Near coincidence site epitaxy

a 4D NBED data acquisition
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Effects in Ferroelectric and Antiferroelectric ZrO2. ACS Apolied Materials & Interfaces. 14(32). 36771-36780.
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Connection between microstructure and reliability?
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Machine Learning Assisted Predictive TCAD
Modeling (from Metrology to Device Metrics)

Ferro polarization map (from TKD data

from SEM/TEM)
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(not randomly)

G. Choe, P. V. Ravindran, A. Lu, J. Hur, M. Lederer, A.
Reck, S. Lombardo, N. Afroze, J. Kacher, A. I. Khan, S. Yu,
“Machine learning assisted statistical variation analysis
of ferroelectric transistors: from experimental

metrology to predictive modeling,” IEEE Symposium on
VLSI Technology and Circuits (VLSI) 2022.
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TABLE Il. Average, 3-sigma and percentage of prediction error

TCAD ML-based prediction
¥l vl 30 Error
HVT [V] 1.05 1.05 0.08 1.2%
LVT [V] -0.53 -0.53 0.07 2.0%
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Challenge #5: Atom scale memories?

19529 %000 219:%:9:%9; ¢
0,590,94%,9%0,4% 4%

N — — — T

1 1 4

0 1 0 1 i

aof 1 i L1 ]
I - === |_OCal polarization

-80 |- |'||f0_2 = Average polarization

4==0.3 hm

- - -

- -

v
-~
B
S~
-
vl
-
v
v
v
v
v
v

Can ferroelectric enable the ultimately scaled memory?

What would be the read scheme?

Lee et al. Science 2020.
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The 7 trillion S chip industry of the future
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Artificial General
Intelligence (AGI) And
The Coming Wave

Randy Bean Contributor ®

Randy Bean is a noted Author, Speaker, Founder, m
CEO, & Senior Advisor.

THE WALL STREET JOURNAL.

TECHNOLOGY | ARTIFICIAL INTELLIGENCE

Sam Altman Seeks Trillions of Dollars
to Reshape Business of Chips and Al

OpenAl chief pursues investors including the U.A.E. for a project
possibly requiring up to $7 trillion
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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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Khan, Keshavarzi, Datta. "The future of ferroelectric field-effect transistor technology." Nature Electronics 3.10 (2020): 588-597.
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