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. Mobile eye (Autonomous Cars)

O Movidius (Edge Al drones)
10° | [[] Google TPU

[ Nvidia GPU

103 F [] Baidu XPU

A Stanford Neurogrid
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IC& S Conventional \Viemory hmraW
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Technology | Volt | Speed | Size | NV
SRAM - 6T “
. | ns
0.5V ~1ns 6T
J E"_ 4Q J @
T O © 0 @
H Ly ] = = =~ B ___NARSre o
| - 3-10 ns
DRAM-1T1C - S

—l_\IPVF"u;T\'Ii::S+Vth) 0.8\/ 10n S 1T1C

8 P = RO g .
- @ @ @ -~ N\ ===~
VecS Memory

(H level) y Cell

ot solosereos Flash, HDD, ... ~1 ms
Flash - 1T
o] w12V 10ps AT S
T lwe @ @ @ @

Cloud storage

Source Drain

Adopted from: Bojan Jovanovic
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SRAM - 6T I :
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Memory Array
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Yamazaki, Journal of Solid State Circuits, %99

Flash - 1T
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T lwe @ @

Source Drain
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100 _ volatile
CPU/SRAM 1 Ferroelectric
10 Memories

C orau I e

I o Non-
Speed gap .
i volatile
10°
SSD/HDD o Focus today
107 _
108 \
109 \
1010& time(ns) e - - - - === \
Source: Adopted and updated from: An Chen, Solid State Electronics, 2016 [~ TTTTTTTTTTTOS R

Cloud storage
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B Crystal structure with polar axis contain two stable states

X3 G A

No iron involved!

T Ba
T Just similar behavior

. g 75 like Ferromagnetic

VAN AN

—> > > Ec - E
E=0 PSP E:EC\/P E>Ec\/P J{
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PSR Perovskite FE (PZT, SBT,..)

Ferroelectricity Concept of Bell Labs started I Hyundai
discovered in || antiferroelectricity work on FE Lhm ;l Ln;;ﬁf commercialized U [Remiien
Rochelle salt introduced Memories ase FRAM AR B LTl

1921 | 1944 | 1951 | 1952 | 1955 | 1957 | 1977 | 1996 | 1998 | 2000 | 2001 | 2005

Ferroelectricity in Reported PZT as || First patents on 4Mb FRAM by | | Sony: Fe Memory || ¢ '.:Igj'téu /
ABOs; (BaTiO,) || FE solid solution || the FeFET concept Samsung in PS2 e1ko-tpson
pervoskite First FRAM 180nm FRAM

material concept
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IC& S FE - Memories Hafnium oxide Era
e e (Fluorite-structured)

Perovskite FE (PZT, SBT,..) .

Ferroelectricity Concept of Bell Labs started . Hyundai discovered in Si
discovered in || antiferroelectricity work on FE LT 000 221 commercialized U [Remiien doped Hafnium
FRAM on 130nm

Rochelle salt introduced Memories based FRAM FRAM oxide material

28 nm HKMG
FeFET
integration with
FE binary oxide

Leti reported
BEOL FeRAM
1921 | 1944 [ 1951 | 1952 | 1955 | 1957 [ 1977 | 1996 | 1998 | 2000 | 2001 | 2005 | 2007 | 2011 | 2012 | 2017 | 2019 | 2020 [ D> D>
1 1

1
_ Fujitsu / Ferroelectricity in | First report of 22 |[ Sony Semicond.
) AR/ by} [Sony. 78 Memory} [Seiko—Epson} [ binary oxides nm FDX based reported BEOL

amsung in PS2 180nm FRAM revealed FeFET FeRAM

w 10 pm

1 pm Potential

#1 Scalability
#2 CMOS compatibility

Electrode

SBil
SHS0RM
rl40)

thickness ferroelectric d

Electrode

Electrode

1 nmd+&— . '
10 100 1000

coercive field E_(kV/cm)
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Ao Perovskite FE (PZT, SBT,..) (Fluorite-structured)

Ferroelectricity 28 nm HKMG

Ferroelectricity Concept of Bell Labs started Thin film PZT Hyundai — AR discovered in Si FeFET
discovered in (| antiferroelectricity work on FE b n dIFnF1Q AM commercialized <5 RETILTON doped Hafnium | integration with Leti reported
Rochelle salt introduced Memories ase FRAM FRAM on 130nm oxide material | FE binary oxide | | BEOL FeRAM

1921 | 1944 | 1951 | 1952 | 1955 | 1957 | 1977 | 1996 | 1998 | 2000 | 2001 | 2005 [ 2007 | 2011 | 2012 | 2017 | 2019 | 2020 >§>§>

180
i i Ferroelectricity in || First report of 22 || Sony Semicond.
mF lectric & Haf . .
160 +— Srroeieciic & i on [ binary oxides }[ nm FDX based }{ reported BEOL
B Ferroelectric & Memory A\M revealed FeFET FeRAM
140 +—

Advantages
#1 Scalability
#2 CMOS compatibility
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Dielectric
only

monoclinic tetragonal cubic
(P2,/c) € ~ 20 (P4,/nmc) €, ~ 35 (FM3m) ¢, ~ 28

temperature / stress / doping / confinement

- ferroelectricity requires
non-centrosymmetry
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Dielectric
only

monoclinic tetragonal cubic
(P2,/c) & ~ 20 (P4,/nmc) €, ~ 35

Ferroelectric p /.f
orthorhombic

E (Pbc2,) €, ~ 25

e.confinement
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Dielectric
only

monoclinic tetragonal cubic
(P2,/c) € ~ 20 (P4,/nmc) €, ~ 35 (Fm3m) ¢, ~ 28

e.confinement
o oiress

Ferroelectric »p [ f doping

3 oL
orthorhombic
E (Pbc2,) €, ~ 25
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The material looks nice...

How to build Storage elements
out of it?
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1E-7 - /
T b S A F Current Criteria { P
= 2E-8
9 1E-8 ] 3
r ' 3
1E-9 Erase ' 3
(-6V 200ns) B E E
1E-10 ; ; .
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Vg (V)

dendritic grains
of ~230 nm
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© Non-destructive readout -

© Asymmetric MFIS electrodes
- limited reliability O

© Alignment with CMOS FEOL
device process

“#2 dendritic grains
g of ~230 nm
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ICZ S FE Memory device concepts

International Cooperation

e 1T FEOL FeFET 1T1C FRAM

© Non-destructive readout

© Asymmetric MFIS electrodes
- limited reliability

© Alignment with CMOS FEOL
device process

2 dendritic grains colt.xmnar
&= of ~230 nm grains of
200 0 ~23 nm

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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e 1T FEOL FeFET 1T1C FRAM

PL
® Destructive readout

fr © Symmetric MEM electrodes

© Non-destructive readout

® Asymmetric MFIS electrodes ‘ 1298
- limited reliability S = good reliability

® Alignment wit OS FEOL device
device process | es’ s MFM

2% dendritic grains coll.Jmnar
a2 of ~230 nm grains of
200_Am ~23 nm

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
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PL
© Non-destructive readout

VS © Symmetric MFM electrodes
—> good reliability

© Standard CMOS FEOL device
PIOCESS sy MFM

> Make a BEOL capacitor FeFET | BN [

columnar
grains of
200 ~23 nm

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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© Non-destructive readout

© Symmetric MFM electrodes
- good reliability

© Standard CMOS FEOL device
process

Challenges

) BEOL ferroelectric device integration
(thermal budget)

) Understanding and handling of Floating

Node
©) Scalability

Furmion bry lhee Formpe an. e

S FE Memory device concepts
1T1C BEOL FeFET (MFMIS)

Vs

?

Ve
L s

Ip

— WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS

200
cxamaRm—EC

columnar
grains of
~23 nm



ICZ S FE Memory device concepts
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1T1C BEOL FeFET (MFMIS) -

AR = 0.083 -
10F ' ' ' e O FeFET1 O FeFET?2
S < 16} -
> 0.8} . - 0o000000000nRa D 0
o > 14} monnuannunEEgEnﬂEQﬁnnngu ]
T = ..] ) o &g
S 06} I S
= Pulse-Width o ler £o0000000g o’ |
> 0.4l B 100 s 1us A _i umnnnmnoEEugEnDEun nunnn
g —0— 200 ns 3 ps o 10f o 8o o, -
S 02l ~3—300ns —O— 10us | § “n
= 500ns —@— 30ups = os} -
700ns —O— 100 ps =
0.0 @ T -
1 1 1 1 1 06 B T
2 4 6 8 10 e
Amplitude of Program/Erase Pulse (V) 10° 10" 10% 10° 10* 10° 10° 10" 10° 10°

D. Lehninger et al., EDL 2022

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS

™ ! L o e e 1 ™ ™A



ICZ S FE Memory device concepts

1T1C BEOL FeFET (MFMIS)

On Semiconductors

SL, BL,
L

ki)

.. 2N y&..\.

Sequence . 3
& voltage oY 8 kbit Arra ; Endurance cycles (#) 5
N 4 y [ | 10 s 100 = 1000==== 10000 |
int-:;er:;ce ™ 1000 'Program Erase -

g [

Data in Data out ﬂ 100 3

S |

(@) I

© 10}

m ;

1k

08 09 1.0 1.1 12 13 14 15
Threshold Voltage (V)

K. Seidel et al., VLSI 2022

3000 pm
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HfO, -basec SEO[L 1T
Ferroelectric Devices &< _,#._
_— FeFET ‘/ECSEL

Joint Undertaking
21T cell size

—->Non destructive
read memory

FEOL MEMORY |ntegrat|on9 FeFET .
& - FEOL Integration
> Depolarization 0
1T ANDANTE

* CMOS corgpaylble CECEC),

. Low-power /
% ScalabI /;’Mﬁgﬂﬂll'l"' SSSssEmeNES a a a
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|C% S Integration in Chip Technologies
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MFMIS
BE©)E

HfO, —basec
Ferroelectric Device

BEOL MEMORY integration
i

FEOL MEMORY integration—> FeFET ﬂ
e - N A ECSEL
el | T = ‘ S t O r g e VJomt Undertaking

EMOS coRF I Project StorAlge

* Low-powers/ —->BEOL storage integration
«_Scalablé =2 rraec T o = for Edge-Al application

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS




|C S Fraunhofer IPMS —
wmoracoeaon CENTEr Nanoelectronic Technologies (

On Semiconductors

= Fully industry standard CMOS
cleanroom

- ~2700 m?used CRand labarea =~

= More than 80 tools for 300mm e .
processing and metrology |
T

= |SO9001:2015 certification _ T
s Jea]

\

~Z Fraunhofer

IPMS

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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S Fraunhofer IPMS —

wemoracoeaion CENTE Nanoelectronic Technologies (CNT)
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Forschungsfabrik

Mikroelektronik
A ' Deu —

LT

_____ spintronic Ferroelectric / RRAM

+ many more tools (electrodes, patterning, cleaning,...)

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS




ICZ S Acceleration!
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Grain orientation

ﬂ ‘ "

: 4

U

g

Various material exchange options

Pre- Electrodes, Interfaces +
processing FE-Material

Post-processing Electrical Test

Phys. Char

Ferroelectric characterization portfolio

EBSD detector
Optimus TKD

FhGIPMs S External Partner S VS
Loop lots - CMOS standard

Ext.Partner ‘ FnG P External Partner

FhG IPMS

Offer for partners: looplots & characterization support

b b Erage

Furmion bry lhee Formpe an. e

Konrad Seidel , Fraunhofer IPMS
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%S Performance indicators

FRAM FeFET FeMFET
B 2 2
v y 4
eSRAM eDRAM FG Flash SONOS ReRAM PCM STT-MRAM FeRAM FeFET FeMFET
Mechanism Cross-coupled Charge Charge Charge Filament Phase Spin transfer Polarization Polarization Polarization
inverter+charge on capacitor on FG in Nitride formation change torque, magnetic switching switching switching
Cell Structure 6T 1T1C 1.5T 2T 1T-1R 1T-1R 1T-1R 1T-1C 1T 1T-1C
Cell Size 120-150 F> 40 F 50 F 60 F° 60 F° 60 F° 50 F 50 F 20-30 F 30-40 F°
MLC No No Yes Yes Yes Yes No Potential Yes Yes
Ron/Ro ratio N/A N/A >10* >10* 10-100 10-100 <10 N/A >10* >10"
Integration Node 7nm FinFET 22nm FinFET 40nm 28nm HKMG 22nm FinFET 40nm 22nm FinFET 130nm 22nm FDSOI 180nm*
Additional Masks 0 5+ 13+ 5+ 3+ 3+ 3+ 2-3 1 2-3
Energy/bit ~11) ~1pJ 100 pJ ~10 pJ >10 pJ 100 pJ >10 pJ ~1pJ ~11) ~10f)
Latency <lns >10 ns 0.1-1ms 10-100 ns >100 ns >100 ns >10 ns >10 ns ~1ns 10 ns
Endurance 10* 10%° 10*10° 10%-10° 10°-10’ 10°-10’ 10°-10’ >10" 10°-10° 10"
Retention volatile Refresh 10 yrs 10 yrs 10 yrs 10 yrs 10 yrs 10 yrs 10 yrs 10 yrs

Furmion bry lhee Formpe an. e

adopted from A. Keshavarzi et al, IEEE Micro, 2020

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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FRAM FeFET FeMFET

Potential
#1 Scalability
#2 CMOS compatibility

Integration & Scaling

M FM FeRAM FeFET FeMFET
Polarization Polarization Polarization
switching switching switching
1T-1C T 1T-1C
50 F2 20-30 F2 30-40 F>
Potential Yes Yes
N/A >10* >10*
| 130nm 22nm FDSOI 180nm*
columnar
. 2-3 1 2-3
grains of
- ~1plJ ~1f) ~10f)
200 23 nm
el >10 ns ~1ns 10 ns
>10* 10°-10° 10"
10 yrs 10 yrs 10 yrs

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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Potential FRAM FeFET FeMFET

#1 Scalability
#2 CMOS compatibility

Low Write Voltage and Energy

FeRAM FeFET FeMFET
M.Lederer et al., Sci Rep 11, 22266 (2021). https://doi.org/10.1038/s41598-021-01724-2 #3 LOW Powe r
Polarization Polarization Polarization
(Hf:Zr) 3:1 (Hf:Zr) 5:3 (Hf:Zr) 1:1 switching switching switching
GRS AR R At AAGLCE AL AL LL AR EAE SE LSS, ML AL S T1C T T1C
20.0¢ T T 50 F 20-30 F 30-40 F?
[ ] ] Potential Yes Yes
10.0 N/A >10" >10"
< [ ] ¥ 130nm 22nm FDSOI 180nm*
2 0.0 T 1
_ I 1 ] 2-3 1 2-3
-10.0F 1 1 ~1 pJ ~11) ~10f)
[ i >10 ns ~1ns 10 ns
-20.0f 510 10°>-10° 10"
[ B T T, e | 10 yrs 10 yrs 10 yrs
-2 -1 0 1 2 -2 -1 0 1 2
Voltage [V] Voltage [V] Voltage [V]
(Hf:Zr) 3:1 (Hf:Zr) 5:3 (Hf:Zr) 1:1

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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Write speed test on FeMFET Array Potential FRAM - FeFET - FeMEET
#1 Scalability P 9:
g —— #2 CMOS compatibility y y ==y
' 1024 cells, Vpgu= 7V #3 Low Power FeRAM FeFET FeMFET
1.2 .. 7 c Polarization Polarization Polarization
|- @ -0--¢ -0--0 - @- - Initial ERSg. . ¢ #4 ngh Speed switching switching switching
1.1- level _ 17-1C 1T 17-1C
< r . 50 F> 20-30 F° 30-40 F°
Z 1.04 = T T - Potential Yes Yes
S _ " 2 & Ll . . N/A >10* >10*
0.9 oulse - 130nm 22nm FDSOI 180nm*
] 1 2-3 1 2-3
084 = PGM - ~1pJ ~1) ~101)
| e ERSinit T >tons  ~ins  1ons |
TR 2 ———— >10™ 10-10°  10°
10n 100n 1y  10p 100 1Im 10 yrs 10 yrs 10 yrs

PGM pulse width (s)

K. Seidel et al., VLSI 2022

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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Endurance on large MFM caps

S Performance indicators

Potential
#1 Scalability

[ 10 MHz =100 ns
3P el el
105¢ -
gg 10 ;
N X
T 4| O ® 108
x 10 §§ 10°8 T
> : §§104 th
o 4] 2B,
% 10° F :0 2253354455
- ; N E (MV/cm) i
O r ‘\ ]
9 2 I \ l
“= 10°F & Ao m ¥
= / / /
E [
2 4ol ¢ Lon %
7 / ‘ //
100 & Aom ¥

10°

10°  10° 107

$ o 3.5 Mvicm #2 CMOS compatibility
ii.ﬁ”‘(«.’@ﬂm_ #3 Low Power
02 Wviem #4 High Speed

#5 High Endurance (vrw)

For cap area: 25k pm?!
: = Scaled even better
performance expected

i~10" cycles

1011 1013

Number of cycles before breakdown

A. Sunbul, Adv. Eng. Mater., 25: 2201124.
https://doi.org/10.1002/adem.202201124

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors

Konrad Seidel , Fraunhofer IPMS

FRAM FeFET FeMFET
S d &
y y sy
FeRAM FeFET FeMFET
Polarization Polarization Polarization
switching switching switching
1T-1C T 1T-1C
50 F 20-30 F 30-40 F°
Potential Yes Yes
N/A >10* >10"
130nm 22nm FDSOI 180nm*
2-3 1 2-3
~1plJ ~11) ~10fJ
>10 ns ~1ns 10 ns
>1014 L_IOQ 1010
10 yrs 10 yrs 10 yrs
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Retention on large MFM caps Potential FRAM - FeFET FeMEET
#1 Scalability P Q:
—_— #2 CMOS compatibility y y v
1.0 ‘GEGAEESEBEE000 1 #3 Low Power FeRAM FeFET FeMFET
bt = c olarization olarization olarization
S 9_\_’0 8| E 3 - #4 H|gh SPEEd Pswitchitng Pswitchitng Pswitchitng
c c @ : 1T-1C 1T 1T-1C
S 506} o o5°C ' | #5 High Endurz.;mce (MFM) — —
§ ﬁ 0 4 L - 850C : E 4 #6 LOW Retentlon Potential Yes Yes
.._'3 E —o—100°C : % N/A >10" >10"
|2 ncz 0.2} :g 7 130nm 22nm FDSOI 180nm*
| > 2-3 1 2-3
0.0[aeasanonngagao v - ~1p) ~1f) ~101)
10° 10" 10210% 10* 10° 108 107 108 10° >10ns “ins 10w
Tlme (S) >10™ 10°-10° 10"
) I 10 yrs 10 yrs 10 yrs |]
K. Seidel et al., VLS| 2022

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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> S Performance indicators

Radiation tests Potential FRAM - FeFET FelgET
e #1 Scalability - “_3 >
= 1 #2 CMOS compatibility y y .,,_;%ﬁi
% #3 Low Power FeRAM FeFET FeMFET
c Polarization Polarization Polarization
;.% #4 ngh Speed switching switching switching
£ -10f #5 High Endurance (vem) |1 T e
g -15 ., |afterirradiation 1_ #6 Low Retention >0F 20207 30-40F
20 / 20- - : T . Potential Yes Yes
8 4 = {5 #7 Radiation hardened N/A >10° >10°
~ 8 10} 130nm 22nm FDSOI 180nm"
2 5 2-3 1 2-3
é Of ~1 p ~1 f) ~10 )
_&3 _5_ >10 ns ~1ns 10 ns
a_‘lo S104 5 .02 10
S 15} | after irradiation 10 10-10 10
_20._ S : &_p0§t-9yqlin9 ; 10 yrs 10 yrs 10 yrs
TVogel et al, ACS Neng & %..2 .2 ° °

Voltage (V)

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS
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Switching tests

1.00
075
<
3
— 050}
o
0.25
0.00 f L "
02 00 02 04 06 08 1.0 1.2
VG [V]
0.5 T T T T T
F - v- Potentiation
I= < - +- Depression
S 044 P i
2 .
k5 .
8 03+ x
> ¥
@ N
o 0.2 N
*«
£ “
[} >,
Z 0.1- *e
’0
:’_ e L A AAAAL
0.0 . . RSAMRALLTYYPUN
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Conventional architecture
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Energy Efficiency

A. Keshavarzi et al., “Ferroelectronics for edge intelligence,” IEEE Micro 2020

Computing Performance
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« Computing and
storage separated

 Closer proximity
by 3D integration
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A. Keshavarzi et al., “Ferroelectronics for edge intelligence,” IEEE Micro 2020

Computing Performance
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* Sense Amplifiers
supporting
computation

» Adapted Decoders for
parallel operation
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Computation-near-Memory

Energy Efficiency
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A. Keshavarzi et al., “Ferroelectronics for edge intelligence,” IEEE Micro 2020
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Computation in Memory

TF1R bitcell concept for accurate accumulation
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T. Soliman et al. Ultra Low Power Flexible Precision FeFET based Analog In-memory Computing, IEDM 2020
S. De et al. First Demonstration of Ultra-High Precision 4Kb 28nm HKMG 1FeFET-1T Based Memory Array Macro for Highly Scaled Deep Learning Applications, in prep
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Y. Qian et al. Acceleration of Quadratic Unconstrained Binary Optimization Problems with FeFET Computing-in-Memory Arrays: Prime Factorization as a Case Study, VLSI 2022
T. Soliman et al. A Ferroelectric FET Based In-memory Architecture for Multi-Precision Neural Networks, SOCC 2021

WORKSHOP - Sustainable Electronics & International Cooperation On Semiconductors
Konrad Seidel , Fraunhofer IPMS

Furmion bry lhee Formpe an. e



Energy Efficiency

|IC& S Power-Performance [ Ssmssiensy

International Cooperahon
On Semiconductors

Technology Roadmap for Energy Eff

. Uses memory as
content addressable
memory (CAM)

* Look up table for pre-
computed results
(stored boolean logic)

A. Keshavarzi et al., “Ferroelectronics for edge intelligence,” IEEE Micro 2020
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Fixing one FeFET to HVT state, the 2FeFET CAM becomes an analog CAM,

capable of doing a threshold detection.

X. Yin, et al., Deep random forest with ferroelectric analog content addressable memory, Nature Electronics (under review)
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A. Keshavarzi et al., “Ferroelectronics for edge intelligence,” IEEE Micro 2020
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Memory as Neuron & Synapse
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= Limitations of current computing hardware
= Emerging memories as potential game-changer
= Ferroelectric memories as potential solution

= Practical implementation options . - d::::;:;j;:
107 e Memories

e: Adopted and updated from: An Chen, Solid State Electronics, 2016
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