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Introduction — History of ferroelectric memories F I XIT

103 years of 71 years of ferroelectric 30 years of commercial
ferroelectricity memory FRAM

The Memory Guy

Jim Handy, Objective Analysis, on Semiconductor Memories

100 Years of

{ mA————— | 1993
Ferroelectricity | *Mx 8101 FRAM  'ntroduction of first
'. \ Perhaps the oldest nonvolatile semiconductor memory type == b S ChipsEtc.com C O m m e r. C i a I |y

;i available FRAM

. product 512x8 by
Ramtron (now
Infineon)

is the ferroelectric memory, which recently celebrated its

68 birthday. FRAM pre flash nory,
and even UV-erasable EPROM. It's even older than mask

ROM, which wasn’t invented until 1967!

As a matter of introduction to the technology, FRAM, or
ferroelectric memory, is a read/write nonvolatile memory technology that performs
significantly better than either NAND or NOR flash:

ChipsEtc.com: |

m Ferroelectricity in Rochelle salt has been discovered 103 years ago by Josef Valasek
m Ferroelectric memories have been invented 71 years by Dudley Allen Buck
m FRAM is commercially available since 30 years. First products were offered by Ramtron
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Introduction — First report of ferroelectric hafnium oxide F I XIT

] . .
o 12 years of ferroelectric hafnia Publications and citations on the topic

Home > Applied Physics Letters > Volume 99, Issue 10 > 10.1063/1.3634052 [13 - - ”
[2] Full . Published Online: 08 September 2011 Accepted: August 2011 fe rroelectrlc memorl es
Ferroelectricity in hafnium oxide thin films

Appl. Phys. Lett. 99, 102903 (2011); https:/doi.org/10.1063/1.3634052 | 24000
600 4
‘ . Miiller2, D. Brauhaus®, U. Schréder* ), and U. Bsttger® 550 I 22000
- — - I — - 20000
[i Full - Submitted: 26 July 2011 - Accepted: 14 August 2011 - Published Online: 12 September 2011 500
I 18000
. . . . 450
Ferroelectric Zrg sHf 5 5O, thin films for nonvolatile memory
= 16000
400 -]
applications
350 - 14000
Home > Journal of Applied Physics > Volume 110, Issue 11 > 10.1063/1.3667205 E 300 - 12000 Q
@] Full - Submitted: 23 September 2011 - Accepted: 05 November 2011 - Published Online: 07 December 2011 g %‘J‘
&3, and L. Frey® s 250 L1oooo 2
) . o o o
Ferroelectricity in yttrium-doped hafnium oxide o] | aooo
Journal of Applied Physics 110, 114113 (2011); https://doi.org/10.1063/1.3667205 150 - - 6000
3. Maller" @, U. schréder? ®), T. s, Boscke™ P, 1. Miiller®, U. Battger®, L. Wilde', 3. Sundquist” ®), M. Lemberger®, P. Kiicher', T. Mikolajick®®, and L. Frey®” 100 - 4000
View Affiliations View Contributers 4 f f I t ] IS N 30 [~ 2000
years of ferroelectric AlSc N RIRRIRRIRRIRRORRR R RRRRRRONt 1 12 (111N INLD DL
© DO~ Ay © 3,0~ 000 OO 0NN, o DO~ 00 DO O I 5 CADDONAND YDA DSOS L0
RERRE R E SR SRR S SR R i A A T T S S I A
AIScN: A 1lI-V semiconductor based ferroelectric Pusicators  [Ill Ciatons
Cite as: J. Appl. Phys. 125, 114103 (2019); doi: 10.1063/1.5084945 @ ﬂ
Submitted: 7 December 2018 - Accepted: 28 February 2019 - oo P
Published Online: 18 March 2019 -
Simon Fichtnﬁ Niklas Wolff.* {2 Fabian Lofink,” Lorenz Kienle,” and Bernhard Wagner'~? 1 9

m Ferroelectric hafnium oxide was reported 12 years ago 2001 2011

m Research activities have reached new heights by having a CMOS compatible ferroelectric at hands
m Ferroelectric AIScN was reported only 4 years ago
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Ferroelectrics — Reminder F I X I T

Double well potential of Hysteresis

ferroelectric material
Ferroelectric crystal

F(E=0) 4 ]
P=— [ 1(t)dt
AL
1 | A > P A
; 1 ;T\"-‘ /’F/)r‘/j/
@ p— = "Ji' T.l'z
tetragonal (T< T,) E; — E. E _Ec,fl ;,r" E.
0

m Ferroelectrics have two stable polarization states that can be switched by applying an electric field
— no inefficiency during writing - lowest write energy of known nonvolatile concepts
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Ferroelectrics — Materials for Semiconductor Devices F I XIT

Lead-Zirconium Strontium-Bismuth- Polyvinylidenfluoride  Orthorhombic Hafnium Aluminum
Titanate (PZT) Tantalate (SBT) (PVDF) Oxide (X:HfO,) Scandium Nitride
N (AIScN)
S'L’é‘e
N-polar
Perovskite 4 ®
® »
.. 5..‘ .. Bismuth L4 M- I
9020 } Oxide CoF @« polar
ABO,  BaTiO;  PZT BT
A2+ BaZ+ Pb2+ . Sr2+
o> o> o> ® o ®
B4+ Ti4+ Zré+ JTid+ . Tas*
® =& U. Schroder et al., Nature Reviews Materials 2022 T. Mikolajick et al., IEDM 2019, TED 2020, JAP
2021
~ 30-60uC/cm? ~ 15-30pC/cm? ~10-15uC/cm? ~ 30-80uC/cm? ~ 150-250uC/cm?
~ 0.1 MV/cm ~0.05 MV/cm ~ 0.5 MV/cm ~1-2 MV/cm ~ 2-5 MV/cm
~ 300 - 600 ~ 200 — 300 ~10 ~ 30 ~25
Low to Medium Low to Medium very Low High Medium to High
Ideal fit to GaN HEMT
Funded by
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Outline FIXIT

» Introduction
» Ferroelectric memory devices

* Ferroelectric capacitor - FeCAP (for FeRAM)
* Ferroelectric Field Effect Transistor - FeFET
* Ferroelectric Tunneling Junction - FT)J

» Ferroelectrics for unconventional computing
» Ferroelectric device comparison
» Conclusion
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Benefits of Ferroelectric HfO,

> HfO,is a simple binary oxide

=» various mature deposition techniques

> Well known high-k material in semiconductor industry
= CMOS compatible

> Robust ferroelectricity even upon

= aggressive vertical and lateral scaling
> Large bandgap (5.3-5.7 eV)
= reduced leakage
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Three ferroelectric memory elements

—

FeCAP
PL

WL

1

o—
Ferroelectric
displacement current

BL

» Current

T|me
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SL

FeFET
WL

1™

Vr shift due to

polarization charges

A

log(Ips)

>

Gate voltage
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FT)J
WL

BL

Polarization-dependent
tunneling current

4 Current




Three ferroelectric memory elements

m—— [
FeCAP FeFET
PL WL
WL SL tl BL
BL
o

Ferroelectric

displacement current

» Current

Time

Vr shift due to
polarization charges

rlog(lps)

>

Gate voltage

FIXIT

FT)J
WL

BL

Polarization-dependent
tunneling current

4 Current
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Basic Ferroelectric Memory Devices — FeCAP for FeRAM %EE F | XlT
e R

10

Curent reponse during

Readout in 1T-1C FERAM cell Comparison of stacked capacitor height
reading out of a capacitor

between DRAM and HfO, based FeERAM

Wordline (WL)
'g 10 Access Transistor
= Anti lectri
£ g T roclectric IT 1C DRAM IT 1C FeRAM
. Rea(_:ling_ W1 Plateline (PL) - supporting
= (switching) ) f Memory Cell 7 structure
[ BL —
g I Vret Z S
8 Reading ,,0“ B Sense % —
) ) Amplifier l
(non-switching) out E/E
>
' Time t | | | 1

8 s T e I ey
o 1 =<

Time

S. Slesazeck et al. IWCM?2 2018

m For readout a pulse in a defined direction is applied to the capacitor
m If the ferroelectric does not switch then only the displacement current will flow

m If the ferroelectric switches, then in addition to the displacement current the switching current will flow
m Switched charge needs to be high enough to develop a reasonable voltage on the bitline
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Basic Ferroelectric Memory Devices — FeCAP for FeRAM %EE F | XlT
s R

Schematic cross section of Bit distribution for 180nm PZT Enduracnce of 180nm PZT
130nm PZT FeRAM FeRAM chip in 2T-2C mode FeRAM chip in 2T-2C mode
t Bit Line 14
: « 100000 ."\\ " 12 Rt o ko =
BEOL [ﬂﬂ}f § e Data “0 i 1 === ’ :
FRAM pzT ;: 1000 50-8
Module - :2: - Data “1”, 3 0.6
FEOL rE '_é 10 Al 2V@25°C -m- 2V@125°C
3 Sense Margin £o2 ™
ARRAY PERIPHERY | 1 z 0
0 20 40 60 80 100 120 140 160 180 200 220 16402 1E405 1E+08 1E+11 1E+14
Reference Voltage (mV) Cumulative No. of Switching Cycles, Log Scale
BEOL = Back end of line
TEM Cross section of PZT FeRAM capacitor Retention test for 180nm FeRAM chip in 2T-2C mode
with and without pre-cycling
14
- 12 o _ e
|-k
208
Ho06
€04 -~ 175°CSS RetentionBake
2 0.2 -e 175°CSS Bake, Post-Cycling
Image Copyright Chipworks 0
. . . . 0.1 _1 _10 100 1000
m First ferroelectric memories came to market in the early 1990s CRTRGHhe SRS (k) Log Nciia

m Today state of the art is 130nm/90nm technology

m Very good performance and reliability data
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Basic Ferroelectric Memory Devices — FeCAP for FeRAM Jéjﬂ
FIXIT
e

SEM of HZO based FeRAM cells Field dependent Endurance of MFM capacitor Extrapolated retention failure
integrated in 130nm CMOS with Si-doped HfO, for different capacitor sizes rate for d|fferent temperatures
) | T ]
® ® 7850 um? H oot g o
% 4 0.024 um? (est) ,} § '.““
TiN / HO,:Si / TiN 2 &, ] TLEE?O A,"A
ferroelg::;rr;c g < /73,@0 3 2 * & o
capaci z \}\:3(\\\. 3 é 30+ o
5 ol
130 ann10de transistor level h \‘\\1 :\“\; E 21; '; 1‘0 1‘5 2‘0 2‘5
5 6 7 0 Time to Failure [10* s]

Electric Field [MV/cm]

Bitfailures as a function of Retention of MFM capacitor with Si-doped HfO,  Influence of area, Temp and Field

rogramming am I|tude . : ) ) L : :
5 4 p, - 9: b e g e ) for different capacitor sizes on reliability of MFM capacitor with
-§4.5 §4.5 d 26.83 P T T T Ij‘g T T T T T Sl-doped Hf02
E 4.0 =40 7.20 20 “:::::::::: : ERSRRREEEEEEE
3 3 o E LS S
; ' ; . oo < 12: i} NSS . Wake-Up Break. Imprint | Retention
23' Elu 0.14 D‘i ol 3 ow : ss g Area (|) - T -
= 4 NSS- 4 0S o
(7I12.5 100 10! 10, l:l_:lI 2.5 - o7 o 009 % 7;2: Capagiz;:gegé};? pm? : glenlper?:turlz(l) l« T
SL Pulse Width [ns] BL Pulse Width [ns] Wb ] ectric Field ()] - 1

—_— . - i

22 t:::::::::::::;:iﬁ:ié#i}-mw=---'-=

T. Francois et aI., IEDM 2019, 2021 107 100 10 10 10 A0° 105 10 107 10°

T. Francois et al., TED 2022 R. Alcala et al., EDTM 2022 R. Alcala et al., JEDS 2022

M Promising data for integrated FeERAM using silicon doped hafnium oxide has been shown

Funded by
the European Union

FIXIT Teaching module - Introduction Stefan Slesazeck



13

Basic Ferroelectric Memory Devices — FeCAP for FeRAM

Cross section of cell and top view
of 64kbit 1T-1C HZO FeRAM

\} Gate CQ"Itact

Transistor level

Vg, distribution of 17T1C HZO FeRAM
for different capacitor sizes

5.0
40 } Datao Data1
g0 |k S *

20 }
1.0 }
00 }
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AVg (V)

Voltage (V)
o = N ouw s

Voltage Shift(V)
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(

Simulated and measured read
operation of 1T-1C HZO FeRAM

a) Simulation b) Experiment
data0 datal data0 datal

Ato 4t Atz A3 i

o

40 80 0 40 80 0 0.5 1.0 o 0.5 1.0
time (ns) time (ns) time (ps) time (ps)

Time to breakdown for HZO as a function of

electric fleld and film thickness

1017
107%
1013
101
100
107
108
108
101
101
10°

10 nm
8 nm

Accelerated | -
factor ~1012

Time to breakdown [s]@T63%

1 2 3 4 5
Applied Electric Field [MV/cm)]

%Eg FIXIT

Weibull plot of the cycling failures
measured and extrapolated for a
8nm thick HZO film

® Expenmentat 3.5V
—  Weibull fitting at 3.5V
Prediction at 2.0 V

- [ Accelergtion by stre;és voltage

Weibull Plot
&

T 108 |
X .:" 3 x 101
i S

1 105 1010 ‘1015‘1 020
Cycle to Fail [cycle]

J. Okuno et al., VLSI 2020 J. Okuno et al., JEDS J. Okuno et al., EDTM

M First promising data for integrated FeERAM using HZO has been shown

FIXIT Teaching module - Introduction Stefan Slesazeck
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Basic Ferroelectric Memory Devices — FeCAP for FeRAM %EE F | XlT
e R

-150

-300

g g f - =152 pClem?
-4 -2 0 2 4
E-Field [MV/cml]

Polarization per footprint of Endurance of 3D structures for different cycling fields
2D and 3D structure
cvcles [n]
10° 100 100 10t 10t 10 10 100 10* 10° 10"
e m_l'l'l'l'l'l'!_l'l'l'l'lq_l'l'ml'q_l'l'l'm‘ TTIT LILL 1]
300 g 200 it R =
B~ 2z e SHE ' R i
il gz 100 . . G s VO RHE ey
Q< 150 s OEY IR A0 asa0nes 2 S TUCRNOE
E‘ ] 'E =] = 1 | 1 -
= & s & : : : : ' .
) _g E_ E 50 [=* : M 2
2 0 E = . o
N O & — j ]
.z .g E 1 1 1 1 1 -
E e t . 1 1 : 1 1 i
= =7 ; . )
=" _— f L Y [lemiy
E I
<
=
2
:

(pojected area A*B)

E-Field [MV/cm]
J. Miller et al., IEDM 2013

M 3D integration is straight forward based on available ALD processes

Funded by
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Basic Ferroelectric Memory Devices — FeCAP for FeRAM %EE F | XlT

Process flow, cross vertical and top-view cross sections as well
as XRD pattern for 5nm and 7nm HZO integrated into 1xnm
technology

Characterization of writing process in 1xnm HZO based FeRAM

QO SN Hole Etch
) peens o
O BE TN DEP 101 g tosy
§::5vv 0.8000
8V
() Plug Poly Deposition ;?0.8 I ity —
!!:0.6
QO oxDip Out 5 04000
0.4}
0.2000
() HzO DEP(ALD) "
B n T N Y -
3 0 10 20 30 40 5 60 70 80 90 5 20 35 5 65 80 '
(O PLT TiN Dep(TE) > A o) tWR (ns) tWR (ns)
g ; /m(200)
QO PMA(Soak Anneal) B H
2% 2 34; 3 kL] £ kL) a0
20 (degree)
B First demonstration of HZO integration into 1xnm technology
M. Sung et al., IEDM 2021

M Little data publicly available so far

Funded by
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Three ferroelectric memory elements

= =
FeCAP FeFET
PL WL
WL SL tl BL
BL
o—

Ferroelectric
displacement current

» Current

>

Time

16 FIXIT Teaching module - Introduction Stefan Slesazeck

polarization charges

A

Vr shift due to

log(Ips)

>

Gate voltage

the European Union
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FT)J
WL

BL

Polarization-dependent
tunneling current

4 Current




L

FeFET — Operation principle n F I X I T
————————————————————————————————
Generic ferroelectric FET Gate voltage
Gate VG = g+ Qsc(‘ps) +EFe . dFe
CStack
= Ferroelectric [KSIN
At flatband

E, Dielectric d,
Vg = Epe(P =0) - dp,

Memory window

MW = Vppy —Vpp— =2+ Ec - dpe

B Qsc is the space charge in the silicon and C,_, is the capacitance of the series connection of
ferroelectric and dielectric capacitor (assumption: No trapped or fixed charge)

B The nonlinear and switching behavior of the ferroelectric as a function of the electrical field modifies the I-V
characteristics of a FeFET compared to a normal MOSFET

M The ferroelectric switching leads to hysteresis

B The memory window depends on the coercive field and the thickness of the material

Funded by
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Si FeFET — State-of-the-art L F | X | T
i T

Cross sections of 28nm logic FETs and FeEFET 22nm FDSOI FeFET device Layout and test patterns
HKMG nFET FeFET L T —— . .
. “FeFET| L.
. : | Poly-si 2 Z FE FET 3
_ | - FefET |-
= Si:HIO, 20 an FE FET 2
SION (IF) : Ferro-HK LS FE FET "
Si 36 w0 © FE FET 10
s e el U
-V curves for low and high VT states Improvement of Variability Cycling endurance behavior
of 28nm FeFET device across Wafer over tlme L450nmxw4.50nm single devices endurance
_,__ Stripe Pattern in 63b passive arrays L450nm x W450nm 2 FeFET — Figure of Merit 251 Hw(j:(::ewces across wafer stacked)
10 VT 4V 10us W x L[nm] 1000 x 1000 —_ W LT 44V 10us
& rrovion| & = 2013 2 2.0- % *
. g 5 Ry £ 1_5-.% ‘i “; M. Trentzsch et al.,
2w . 3 — it = IEDM 2016
g T | g .E 388, & ﬁga 2617 E 1.0 '-Oé
© a H ® e : @ B e 4 ° § @
§ odmmien > g 2 ”M £ 0'5-24 e = S. Dunkel et al.,
s 18, 0.0-—— ; - - ) IEDM 2017
g Elm Tw 1 10 100 1000 10000
: 05 L 2% Endurance Cycles [#]
o o X 0.01 0.02 005 01 02 0.5 S. Beyer et al.,
05 0o 05 - v;tweM 15 20 25 Gate-Area / Gate-Perimeter [um] IMW 2020
B Cell transistor only differs in HfO, details; Periphery devices not affected H. Mulasomanovic et al.,

Nanotechnology 2021

B Array is fully functional and variability is continuously improving

Funded by
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FeFET switching kinetics ?II
FIXIT

Construction of VG vs. ts plots using one shot

AR ) Comparison of accumulative
switching in large and small devices

switching (AS) and one shot

(a) (d) 2T T T T T T T T (f ) 10 2

numfﬂ/ﬂum = 1 1 . PRG switching (OQSS) in large-and small
T i I 7 T T T T T T

"Tv/ *ost ] ) devike -

o 1 LoT L |
®) © © 1| po— W oo .
AV Vo Z»— . \—m\m T . 0

j, \3 > 05 \\’é:‘_&mé“%‘ e (VA 10°F
L P A e e S B e e me mr e S
t,[g]

— r — —
(b) (d) 10°F ERS PRG A G
—— ——
051 » 10°F BERS PRG |
< o 10T b
G E - B
> or o L i
l Ll«} Iml 10-4- 1 E N
pRYs 73 &
[ St 6 iy y -4l i
05 L 10+ i 10 oo
1 1 1 1 1 1 1 1 1 1 1 1 1 1 =8| AS
10° 10® 10* 10° 10% 10*  10°120°10"10°10? 10" 10° 43 -2-10 1 2 3 4 6|
o [ t, [l G 10

B VG vs. t plot can be used to extract retention behavior form switching experimenyt‘ssM
B Switching in large and small devices is continuous vs. abrupt
B VG vs. t, behavior is universal for large and small devices using one shot and accumulative switching

H. Mulaosmanovic et al., TED 2020
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Single-Domain FeFET - Switching probability LE- F | XlT
——————_—_—_—_—_—_—_—_—_—_—_—_—_—_—,———e—e—e—
Switching probability of scaled Accumulative switching of scaled FeFET
(80nm/20nm) FeFET 103 ——

o 10°F —

-‘éoie: fﬁ“ﬂ 107 F I I]-IIFI] |

§ZZ 0¢k ®:.j.‘2) “I"“'S‘*S '

’ e 100 T 0 30 a0 5o
PW Number of pulses
Number of pulses required tg)switch scaled Fe{leT as a function of pulse height and width
10 g “ 10t
3 10° 1 g 10°
%10 1 %102-
g 10' 1 % 10'f
- 10° X - 10°F
1.5 2 25 3 1010102 10°

vV, (V) th (s)

B Ultra-scaled FeFETs exhibit accumulative switching
B Probabilty curve is tunable
B The effect can be used for mimicking biological neurons

Funded by
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Ferroelectric Memories — FeFET ?II F I X I T

Reading from front-gate Demonstration of 8-V; levels

FDSOI FeFET
illustrating front- and
back-gate
capacitances

TiN oV
HfO,

10 years

10

s 10

= VT
e HVT

i
% ) Reading fr?m back-gate (@ceeses ] '
vl

2 |2 ] ] ]

10° 10* 10° 10
time [s]

~ 5 0 v [3] 10 H. Mulaosmanovic et al., Nanoscale 2021

B With two different gates, the write and read paths of a FeFET can be decoupled
B With a significantly thicker gate dielectric in between second gate and channel, the read signal is amplified
B One possible implementation can be achieved by using the back-gate of an FDSOI device

Funded by
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MLC in FeFET: 1l
nEe FIXIT
Cell distributions for 3bits per cell

FeFET integrated into 3D NAND
I()()“o 3 3 ; &
| |1 -t
HIO? hased , { f I | ! F 30
ferro stack Tl‘-v inleriayer [0% 4 i T I i -2 ()
[ f g ’ T T iy | 0
Channel E 60% 1 - B 0.0
Poly S = ! l ] )
E 10% ]’ { [ el
(N | 2 ‘ 1 II —=2.0
20% 4 I i — X i3 ()
' & 1 1 1 ‘
W~ 0% T T T T T T T 11 Sy
A4 Aa2al 01 3 3 4 8
W Cell distributions for 4 bits
o Cell distributions for 4bits per cell per cell after 3k cycles
~ = ferro stack
Channel _ Top interlaye 100% - ¢ x ——-3.0 100% - o-d o ——30
roy 5 18 I | = S | =
i e so% 1 T11 111 48 et 80°% 1 i3 iy i 7
W s | : } { 111 ] ]] { i i +00.6 £ 6O% 11 { (11 —
= 60% A = 1111 0.0 e I (11 e
I .g 'S | I L L ] rr —0.6 @ "[ r I'TI wtye ().6
> E *|T" {‘ ‘lr": —tr]2 % 40% + L1-1 ! } el 2
< 40°% 4 vrl | ) L‘fl]} - E llv].L | r w—tye | 8
= 11 1 I1 X M1 1111 ——24
11101 (11 ——2.d 20% 1 ;{} { Pt ——3.0
20% 1 111 { '” 22 oy IYRINRYRA0RRINY -7
980880088880 Betion onid—rop PR PR || =
09 A —— | i3 4-32-101 23456 7| —as4
2 A 90 Y 2 3 8 5 6 7| ettt Vi IV] i .0
Vg (V] 6.0

B First data on integration of ferroelectric Hafnia into 3D NAND shows promising data

even for 3 - 4 bits/cell operation
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Three ferroelectric memory elements

23

FeCAP
PL

WL

1

o—
Ferroelectric
displacement current

BL

» Current

>

Time

FeFET
WL

SL tl BL

Vr shift due to
polarization charges

rlog(lps)

>

Gate voltage
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tunneling current
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FTJ — basic principle

On-state
dirt::twimeling region S. I : /El\ltunnel
T errn L
S . | layer FTJ :
£ 4 ]
815- 'f! \.\\
= 1 ! N
o 4 I ~

A Double

Si:HfO, thickness (nm)

C. Richter et al., Adv. Electr. Mat. Iayer FTJ p

+
3, 1700131, 2017 - Ferroelectric HZO E-

> The ferroelectric polarization alters the effective tunneling barrier

@ FIXIT

Off-state

p

+ 4+ F + o+

P

+

> Stable ferroelectric properties in our hafnia-based compounds only

for thickness > 5-8 nm (down to 2nm was reported in literature)
> Separation of switching and tunneling layer

Funded by
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FTJ programming characteristics ﬁ FIXIT
———eee

Crystallization annealing

V, | / ; With TIN  Without TiN
' ' —— A 1kHz  --- B, 1kHz
/\"—' SV A, 50 kHz B, 50 kHz — A lkhz A, 50 kHz
" 0.30 -
0.24 : < /7
0.18 y : £ _
T 012 zn 5 19
£ 0.06 et x;_’j - 2 8
TiN T e — =
2nm [ALO £ -006) T N | -
nm Y3 3 —0.12] . , 8
10 nm 018 | S 2
TiN —0.241 - g ~24 _
' ~0.30 . . . . —32]

-5 0 5

Voltage (V) Voltage (V)

» The switching current consists of polarization and dielectric displacement current
» The switching current scales linearly with the frequency

Funded by
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FTJ programming characteristics @ FIXlT
————

Crystallization annealing Gradual switching: analog

v | f i With TiN  Without TiN operations
/\#5v AT A s — ALk x&

\/ \/'t 32
™~ ] ——
: 24
= g ¥
£ 2 8
TiN 5 s O
_ = B gl
2nm | _ALO; - B |
5 - 7
TIN 32|

-5 0 5
Voltage (V) Voltage (V) \

Steep switching:
digital operations
» The polarization switching kinetics depend on the frequency as well

» Small changes in the material stack can have strong influence on the switching kinetics
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1

Current (mA)

) ] ] —— A, 1kHz  --- B, 1kHz
Partial weight update in FTJs s T MSokHz - B0k
0.24150 kHz |
—— A 1kHz  --- B, 1kHz = | =10 ps pulses | ’,”
—— A, 50kHz --- B,50kHz i b
0.30 : 15 IncreaSIng szitch % e il
0.24{ 50 kHz | 12 S : |
0181 =10 ps pulses o / E :
< 0.12; | 6 < I Vswit
E 006 L 3 £ )
2 0.00] =3 E— 0 £ l
FU T T
= —0.06] : -3 = 2 4 6
O —-0.124 I V -6 O Voltage (V)
— ] I itch | _ :
8;?1 : o ?2 IncreaSIng tpls A, 1 kH B, 1 kH
—0.24 : I r— — A, z --- B, z
_ . . =. . . . —— A, 50kHz --- B, 50 kH
Ve 2 0 32 4 6 030 . ’
Voltage (V) 0:24 1 kHz

=500 ps pulseis
» In order to switch additional domains, amplitude/time |
should be increased,

Current (mA)

switch |

» or we need to rely on additional device mechanism
(e.g. charge accumulation)

<

Voltage (V)
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On-currents and switching in FTJs @ FIXIT
e

> Linear relation betwen on-current e FTJ band diagram

and area (J ~ some pA / um?) : during read

I

> Linear relation between on-current and loo, __ Program operation

polarization 5E e

NE 50
1.5 Vpulse Eg ) — = =
39V ° 10-° 107> 10—% 103 102
Time (s)

—— 4.2V S. Lancaster, APL (2022)

On current (nA)
(S
o

o
wn

Erase operatlon
100 .

20 40 60 80
Switched polarization (%)

> A similar switching kinetic
as in FeFETs can be observed

Polarization
switched (%)
9]

(@)

o

Time (s)
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Conductance modulation @ FIXIT
s

Voltage modulation Time modulation N modulation
\
A A ‘
(0]
o] g @ [lonon (1M oooo M0 M oogn o
153 HHHHHHHHHHHHHHH H 000 o 15 HHHHHHHHHHHHHHHHHHHH) S Pusedt Time.
S | Pulsed Time S | Pused Time 7| read tyase = 113 'me
read read
— 3.0 3.0 — 3.0 3.0 —~ 3.0 3.0
E 3V -2V
§‘ 2.5 w25 325 3V #!"I'* 2.5 ] -3V 5‘ 25 10ps 25 10us
=3 P " 2 # * 2
220y 0us 201 % 10ps 220 b 20{ * 220 A2
S 15 f 15 % S 1s5] by 151 % S 15| . n-"'l 1.5—”l g .
5 [ ] 5 5 » .l -
E 1.07...__..-III 1.0 -."-..__ E 1.01 -~ 1.01 e 5 Lo« " 1.01
p) > 2 10 510 4102 10 5104102 10° 10' 102 10°  10° 10' 10? 10°
Voltage (V) Voltage (V) Pulse width (s) Pulse width (s) # Pulses # Pulses
+ Pulse width easier to . . L
+ Largest + Easiest on-chip application

change on-chip than
conductance range & P - Small conductance range

: voltage s
- Asymmetric & - Known (small) wait time between
pulses necessary

» The programming algorithm affects the weight update > DTCO
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FIXIT Teaching module - Introduction Stefan Slesazeck the European Union 29



The impact of charge trapping on switching @ FIXIT

Al O, Al,O,
20,_' T , T ' |r ‘ -I , T d T '13 T ]
7 Nacc = 5.25x10 “[em®ev")
] Ndon=2.50x10'3[cm'zsv"1 .
TN TN E 10r a5 05 » i
O
E
S of :
4y}
L
O .
— SAB sim.
-10F — No traps | |
> Charge trapping at the FE — DE interface 3 ' ' ' ;
» increases switching field and -
. . . R. Fontanini et al., TED vol. 69,
» decreases the depolarizaiton field 12 U P EBE IS 207

» Charge trapping is mandatory for double-layer FTJ operation
» Trapped electrons can lower the read current !!
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Transient current vs. DC-current @ FIXlT
e

2-0_ ||||||
1.5

1.0- - /f/\{ 200um FT) measurements z > iﬁ:f;ﬁff;ﬁft(,‘,f‘;"“’l A
0.5- ; 1.5- ; S

2.0 T T T T T T T T T T T T T T

< <

£ <

b — 1] H i c

E 0.0 —~ T2 424/| g 1.0- i

£ -0.5- L o -~

© 1.0 A 0.5 -
1.5 A . < o
o o R S S B . e e S
-2.0- N 0 0.5 1.0 1.5 2.0

76-54-32101234567 Voltage (V)

Voltage (V)
IV-response during

IV-response during DC read operation

polarization switchign

» Polarization switching currents can be much larger than the DC-currents
» During read operation any transient switching has to be omitted
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FTJ area and self capacitance

PL
<
= TR|] 1 N Apry * Jpry - time
= "= (Cyate + Crrj) E
TA ¢ gate FT] =
-
SL = -
@
BL WL | L IIfi):perimental
_ T 80 1o 10 200 20
> Signal development at n1 after 100us ~ some 10mV F T area [10° ]
» Increasing FTJ area and time increases the signal
» For large FTJ: self-capacitance of FTJ limits the signal
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FTJ area scaling — impact on signal development @ FIXIT

C., = 16fF / um?
e o femoskeerc l,, = 10pA/um?
l¢ = 1.5pA/um?

nonlinear

branch
linear

branch

Calculate dV in readout case: C=1*t/dV
dv, =1*t/C =10pA * 100us / 16fF = 62mV
dV=1*t/C =1pA * 100us / 16fF = 6 mV

—

(0]

Q

=~

Q
(o]

[¢)

D

dv=dV,, —dV ;= 56mV after 100us

dv = 1*t = n*I*t
Ceny n* Cey

» Assumption: C.p, >> C,,
» dV depends mainly on |_, and | and C,

» Increasing FTJ area does not increase the dV!
> Readout is slow = parallel operation!
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FTJ area scaling — impact on signal development @ FIXIT

C., = 16fF / um?
e o femoskeerc l,, = 10pA/um?
l¢ = 1.5pA/um?

nonlinear

branch
linear

branch

Calculate dV in readout case: C=1*t/dV
dv, =1*t/C =10pA * 100us / 16fF = 62mV
dV.=1*t/C = Ous / 16fF = 6 mV

e e after 100us
= ¥t = n¥*|*t
Ceny n* Cey

» Assumption: C.p, >> C,,
» dV depends mainly on |_, and | and C,

» Increasing FTJ area does not increase the dV!
> Readout is slow = parallel operation!
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FTJ area scaling — impact on signal development @ FIXIT

C., = 16fF / um?
e o femoskeerc l,, = 10pA/um?
l¢ = 1.5pA/um?

nonlinear

branch
linear

branch

Calculate dV in readout case: C=1*t/dV
dv, =1*t/C =10pA*100us / 16fF = 62mV
Ous /16fF = 6 mV

e e e e e e e e after 100us
= ¥t = n¥*|*t
Ceny n* Cey

Assumption: C, >> C,,
» dV depends mainly on |_, and | and C,

» Increasing FTJ area does not increase the dV!
> Readout is slow = parallel operation!
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FTJ area scaling — impact on signal development @ FIXIT

C., = 16fF / um?
e o femoskeerc l,, = 10pA/um?
l¢ = 1.5pA/um?

nonlinear

branch
linear

branch

100us / 16fF = 62mV
Ous /16fF = 6 mV

= 1*t = n*l*t
*
Ceny N~ Ceyy

» The read operation is very energy efficient — 2f) / um?!
» Increasing |, could lower the write energy.
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Improving FTJ current densities @ FIXlT
e

c) ON STATE d) OFF STATE
Work function engineering: lower ©
e TiN (4.7-5.2 eV) > Al (4.0 —4.2 eV) oy
: - . -€
* |, and | increase : —.
- Ferroelectric HZO |DE- - Ferroelectric HZO |DE-
] Esti d onl
200 | — TiN top electrode 0207 TiN top electrode stimate O_n Y — Off
. 1507 — A top electrode Py — Al top electrode ~20% domains Fay — 15% switched
< 100} v~ 0.151 — on state contribute to ,On’- 0 o~ 2{ — 20% switched
- 20 [T = — = off state state ] —— 40% switched
< 0 5 31010 . _—'E_, 60% switched
= =501 S ‘é_ (high P|oss) S E-E_ 1{ —— on state
3 —100; E ~ 0.05; E - —— off state
—150 O @ :; ;
-200¢ 0.00 {* ; ; E———— O — ; . i
-5-4-3-2-1 012 3 45 0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 1.5 2.0
Voltage (V) Voltage (V) Voltage (V)

> Improved current density, but imprint = fast loss of I
» Poor retention due to large built-in field
» Oxidation of electrode over time
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Improving FTJ current densities @ FIXlT
e

2.07  |nsertion TiAl layer 0.8 { Insertion TiAl layer

—_ 15{ — 25mm — 75nmm ..i? — 2.5 nm
E 1.0{ — 5.0nm 2061 —— 5nm
= 0.5 L = — 7.5 nm
t 0.0 4.:%04_ —— ON current
g —-0.5 5 nm TiN @ a == OFF current

—-1.5

=20 e 0.0 b= . ,

6-5-4-3-2-1012 3 45 0.0 0.5 1.0 1.5
Voltage (V) Voltage (V)

» Doping Al into TiN electrodes reduces work function:

* Maintain chemical stability of electrode-FE interface
e Switching remains symmetrical
 BEOL-compatible process

» Tunneling current (= WF) controllable by thickness of TiAl insert

> |, improvement more than 10x
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Parallel FTJ operation

Differential synaptic cell -
» Connect many FTJs in
arallel at C, and C,, D Ple——— 1R :
P 1 2 i P SLITSL :
| sz (0] 2G|
> Each FTJ can act as a single | X ! 1 E
weighting element e.g. for | n1—ItT§:TAjI—' n, :
analog operation, but WheLT || T W5
G
°£||£|T
»Readout of single FTJs is oL \ZS

precluded

Covi et al., ISCAS 2021

@ FIXIT

Multiple excitatory, inhibitory PLs

BL,

F I P
T .

Gy

o

VSS

» Less circuit overhead when using multiple FTJs for one read circuit

= IMC, CIM, LIM, etc....
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FTJ-based MVM in cross-bar arrays

@ FIXIT

E_;é_

multiple excitatory PLs multiple inhibitory PLs
1
[T, T I n,

. |
WL T, | 4 TO—WL, dV =

Bl.
» Increasing the number of FTJs does not change dV,,,and dV__, !

» Incfreasing J , by device engineering is decisive
» The ratio of J_, / Ci, defines a window function, that could be
interpreted as Sigmoid or RELU activation function .... ©
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1t = n*I1*t
*C

FT) n
S. Lancaster, ESSDERC
2022
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Multiple FTJs ... [i; F])([T-

PLA PLg
< 10°
A B g
= _NOR
(&)
= TR <
n1 a _NAND
I—'WL
SL 107
0 50 100 400 500 600
BL Time [us] Bit line voltage [mV]

S. Slesazeck, et.al., IEDM 2019

» Application of multiple parallel FTJs reduces circuit overhead
» Example: NAND/NOR logic gate, depending on the current threshold
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Switching kinetics and read disturb @ FIXIT
e

Switching kinetics measurements

Assuming a polarization of 20 uC / em*: 200fC/um*  _3 0
Assuming a 0,1 % polarization loss: 02fC/um? 23
© @
Elﬁ 50
dV, =dQ,/C., = 0,2fC/16fF &
£F
olL:
= 12,5mV4@ dV =56mV from lon e p————

» During read operation any polarization switching has to be omitted
» There is a tradeoff between |, and polarization loss dQ,
» Careful device design and selection of read voltage

- thorough DTCO
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Ternary Adder and Majority Operation @
FIXIT

One-bit Full Adder

sa |MAXABC) -
g:r::(;}eldr:umbers to MAJ I_ out _ u:>MA\](A,B,C
A= (7),=10-1 1 1 SA.., ! xoa(A.B.c;S"m in)
B=(11),=11 0 -1 Sle i
Control XOR= MAJ except for (000),(111) case :
§ —4|:Tm \—J‘ (AB,C) | Cary ain 7 ] 25V
= 5 Control goes low only for: Input MAJ XOR §
= (000) and (111) case (000) 0 0 C, P : 5 Agryfl
= (001) 0 1 5;’\] Q Ref. fixed
= (010) 0 1 n n N: ] n, 15
c (011) 1 0 Kg
(100) 0 1
cion g wi—iClky e w,
3 = (111) 1 WL, TG1 TG2 WL,
Y Y ¥ Y Yy ¥ Yvy Yyvy . . .- sesssassnsnses
ATBIC] ABC, ABC, ABC, PP
C. Sum  C, Sum C_Sum  C, Sum !
Yy et o o—b b o—F b % NVM Device Energy Latency Power Ref.
spsp sr&x sp¥r st d sL S
L3 2.8 i ASL-PMA 3.68 pJ 29 ns 0.12 mW [32]
\\\\\.&f STT-MRAM 42 0.6 7 mW 33
ATB="T*0 1-1 0°=(18),, - 2 p] .6ns m [33]
SOT-DW 0.031 pJ 495 ns 62.6 nW [7]
FTJ 0.78 pJ 100 ps 7.8 nW This work
CMOS 0.1p) 0.4 ns 0.25 mW [7]
] . ll . . ”
» Computing with three states enables “carry-free addition
» Majority gate is a basic building block for ternary addition T e

» Ultra-low power ternary adder using FTJ for addition of very large vectors 12.5 (2023): 1163.
- decreasing latency
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Outline FIXIT

» Introduction
» Ferroelectric memory devices

* Ferroelectric capacitor - FeCAP (for FeRAM)
* Ferroelectric Field Effect Transistor - FeFET
* Ferroelectric Tunneling Junction - FT)J

» Ferroelectrics for unconventional computing
» Ferroelectric device comparison
» Conclusion

Al Funded by
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Brain Inspired Electronics FlXIT

Compute in Memory

Increasing computing complexity for big data memory unit
and Al demand for new computing architectures
Neuromorphic Computing . @ HOH000OOL

memory unit R T
von Neumann driving logic

f' Post-spike data code bottleneck
__s_,\‘/ data bus Logic in Memory

Pre-spike

e .y g"L’ __address bus
.'.v- |C°”tr°| bus processing unit
ﬁﬂ)(lzr::k Synapse  Post-synapticneuron central processing unit @ 0 O DDD I:I
(CPU) |:| . I%I |:|
2 T T
1 ] control arithmetic D L]
g e — unit logic unit d|str|buted memory
(s}
K S. Slesazeck, T. Mikolajick, Nanotechnology (2019)
=) -'sm?]é 10
us;

» Memory remains one of the most important ingredients of electronic devices
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There is a conflict... FIXIT
———————————— e —

46

Societal and Technologigal evolution = Al ﬁ Climate change

» Worst case scenarios 2030: 1/3 of world-wide energy is eaten up by IT

ChatGPT’s Electricity Consumption

ChatGPT may have consumed as much electricity as 175,000
people in January 2023.

https://towardsdatascience.com/the-carbon-footprint-of-chatgpt-66932314627d 25 of April 2023

» A new energy-aware IT needs
> low-power technologies
» new computing concepts combining logic and memory functionality

Funded by
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Regirements for Memories in Brain-inspired Electronics FIXIT

General:
Highly parallel operation -2 high impedance devices LRS
- scalability - Cy === =TT
- increasing  _~"_,%
.9, .
Energy efficiency - low voltage operation §
—> low write currents o .
- non-volatility é 3
C
. . . S
On-line learning - cycling endurance

Spiking Neural Networks:
Linearity —> switching kinetics # of pulses
Symmetry > Switching kinetics S. Slesazeck, T. Mikolajick, Nanotechnology (2019)
Dynamic range - multi-level, variability

» Application dependent device requirements
beyond the needs of conventional memory
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Reliability Aspects of Ferroelectric Materials F|X|T

retention ~imprint fatigue

polarization P polarization P polarization P

P, | stordg

etime

voltage V
=E 0
3 +
r \
f—
number of cycles

Ve voltage V

_ Ve.

P.

voltage V

Ve,

P.

voltage shift Vo ¢ = |Vc+| - |Vc_ |

Retention: Depolarization as a function of time T Mikolajick, Ref. Mod. in Mat. Sc. and
Imprint:  Parallel shift of hysteresis as a function of time
Wake-up: Increase of polarization with field cycling in the early phase
Fatigue: Loss of polarization with field cycling

Mat. Eng., Elsevier 2016

YV V VYV V
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Single Domain switching kinetics LE FIXIT

V22V
-~ T [ — VP=24V

Ultra-scaled FeFETs:

Voltage
V. [V]

- W=80 nm '
u = VP
- [=30nm i - Vy
TEM . .
top-view time
1
accumulative switching - neuron Z 08 i T memory.
’ o random number generation Tt i
0 10 Sosf
tow a | A V=22V

E e . je)) V =24V
< j07h E €04} N

10 i HﬂEpE|sE I _ 10 H‘ l | L o V=26V

10°F th‘) 10 “ m “\H E 0.2F O Vp=28Y

ol W S 10°F o Loy [ Y

0 10 20 30 40 50 0 L CCC e S Ly
Number of pulses 10° s = = % oo 5 = 10 I1O—6 10—5 10—4 10—3 10-2 10-1
. . . Cycle L
» Small FeFETs allow the investigation H. Mulaosmanovic et al., IEDM, (2015)
. . . . H. Mulaosmanovic et al., VLSI, (2017)
Of Sl ngle doma N SW|tCh | ng H. Mulaosmanovic et al., Nanoscale, (2018)

3 Funded by
B the European Union

FIXIT Teaching module - Introduction Stefan Slesazeck



Gradual switching in FeFETs - Linearity

One Shot Switching (OSS)

L

11

FIXIT

Accumulative Switching (AS)

V V,or V Ve p Vir | N identical Vy, pulses i read
G re G : :
L : :
T |_| L T Ve Con Corr
- A - ! — — !
Viy t Ver L] "t | | I//I
'IO2 T | — . |
PRG | |
i i (b) 2 . ; . . .
= - 15F .
_ - « = 1F -
> i *e 30V
I e 055 - 0.5 oe23V
== AS Vil 2.6V
1 1 1 1 1 1 1 1 or ._.:%33
107 10° 10° 10t': [110'3 102 10" 10° 10'515 _"4 i:; '2 _'1 5 ; ‘;_ é A'l s 0 5 20 60 80 100
VG [V] Number of pulses N
> OSS and AS obey the universal time-voltage dependence ... H. Mulaosmanovic, et .

vl Decent linearity has been demonstrated for FeFET
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vl Gradual switching needs multiple domains - large devices

IEEE TED 67.12 (2020)




Scalability — Variability — On-currents in FeCAPs and FeFETs F I XIT

fail bitcount of 64kBit array . fail bitcount of 1Mb array
6.0 . : _L
50 | : ; o LR
1 40 ¢ 1.00 pm? 10 E — HVT
a0 | 0.40 pm? . :
20 I 0.20 pm? 0 107
‘ 10 :‘. 0.06 pm?2 'é 103
Vref E oo | 4 —Data 1 =
Wi BL __—i@‘ » 10 o ----Data 0 * 10
L ¢ BI TCqy 2.0 ¢ .
Cre 1 30 F i, 101
PL - 40 & '
VBL — CFE VPL 50 F 101 10° 10!
- (CFE + CBL) X 6.0 R P Read Current [uA]
06 08 FeFET: L=450nm x W=450nm

CFE = CO or C1 ' Y
J. Okuno et al., IMW 2021 -4.5V | +5V 10us erase / program

> In FeCAPs : AVBL depends on the capacitor area S
» In FeFETs the on-current can be easily tuned by W/L ratio

v| FeFET / FeCAP memory arrays demonstrated (down to ~ 0.2 um? device area)

» For smaller devices stronger variability sets in due to poly-crystalline material
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T. Francois et al., IEDM 2019 T. Francois et al., APL 2021

52

Cycling endurance

® 100pm # 600nm

..... : HKMG nFET FeFET
® Hzo| 1
; ® HSO| Y
Pons, 1 . , 7| Poly-si
1S 1 :
o 3 - TiN
Mo R - '| = ' Si:HfO,
\_\\ .\* } HKMG pFET SION (IF)
- ~ *\ \*\t _l Si
\ ~ :.: ~ .‘ ‘\ ~ -I
T ~ N 1
.\ -~ \. ~ \g \'\.\ i .
e % 1
E max - 1 M. Trentzsch et al., IEDM 2016
c 1

el S. Diinkel et al., IEDM 2017 0

Cycling Electric Field [MV/cm)]

o]

&l
1 §
B I S I S B B
Transistor level 2um

Memory window > 1V 107
Retention > 10 years 10

Endurance: 104-10°

V] FeCAPs show superior endurance behaviour

» Similar in double layer FTJ due to similar material stack
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s

]

Si: HfO, FeFET features: T 107

7

10 nm polycrystalline HfO, = 10"

8
9

10

1

10°

10°
Oydes

H. Mulaosmanovic et al., TED 2019

V] FeFETs endurance is limited by the degradation of the interface dielectric



Cycling endurance
| 103 % _m
| ALTanetal EDL202L |

101 —e— Low V; State
—o— High V7 State

0.25V (nA)
=
i

4.5nm HZ

o

(b) Al. Tan et al., EDL 2021

10° 10' 102 103 10* 105 10° 107 108 109 1010
Bipolar Fatigue Cycles

V] Interfacial layer engineering (high-k SiON) reduces field stress

I at Vg
—
o o
i

convent. FeFET with IL IL-free IWO BEOL FeFET _6| T “' “= "I _ M. Halter et al., ACS Appl. Mater.
g 10 e Interfaces 2020
| ]Source :D 1 0-7
o
2 = 2 '% 9 I: I
8 0 5 10°
: © B | Ve>0 3 4 devices ‘ \
'i Channel 'i Channel 10'10 = = = = = G
6 . 6 ) 10” 90> 10* 10 10® 1'% p'®
-8 I (0) -8 H2Q (i) ;
5 10 15 5 10
V] Eliminating the interface in BEOL compatible FeFETs further improves cycling endurance
Funded by
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0 .
- 5 . \ ﬂ
Data retention 1. | T
8 00| T Os+ g
—e— SS- g |
fectode __ Foroskuc__Eeciode Depolarization Field E N —<— S5+ B
E E_ 5 EFE — tnt -1'01o~2 100 1#2"“ (1':');") 106
—=lt ’ idd+t €0(dint€rg + drEtint) . J. Okuno et al., IMW 2021
Lo _df 0 gart L : . . . !
A = L
C 2 T i
Interface Field = osp TIOT I
D. Lomenzo et al.. NVMTS 2019 > e
. D. Lomenzo et al., ACS Appl. EI. Mat. 2020 PdFE or ]
P.D.L tal., APL 2020 Eint = 05— ' ' ' '
A INT ™ e (dineerg + drp€int) P 10 gigaeisl 10 10° 10
H. Mulaosmanovic et al., TED 2020
V] 10 year data retention for FeFET and FeCAP S, | v
» Non ideal electrodes, non-polar regions .3 o]
lead to a depolarization field e
> In FeFETs and FTJs the interfacial layer increases - mn,lE
. . . B P s o —
the depolarization field e e A T

B. Max et al., Electronics Letters 2020
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Outline FIXIT

> Introduction
> Ferroelectric devices

* Ferroelectric capacitor - FeCAP (for FeRAM)
* Ferroelectric Field Effect Transistor - FeFET
* Ferroelectric Tunneling Junction - FT)

» Ferroelectrics for unconventional computing
» Ferroelectric device comparison
» Conclusion
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Device comparison FleT
I

L

_ =chr = ___Fu

Non-volatility / data retention

Programming voltages

|

Non-destructive readout

Cycling endurance

IRV ES NN

V]

Multi-level / analog switching

Static read on-currents 7
Fine-grained implementation 7 7
Parallel operation 7

CNN Edge inference
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More FSD concepts.... The FIXIT project FleT

ferroelectric material & MEM =) MFS =) MFIM
mUIti'layer heterostructures Polarization Polarization Polarization
+ + + ¢ _
. - ) - ) _ )
material
engineering /\
...... on-current, '

off-current off-current

physical switching and Vies | oftcurrent Vies
transport mechanisms -

- A

[ Metal | FE | Metal | [semiconductor] FE | Metal |  [[Metal | FE |[DE| Metal |

device J / | \

engineerin Single-layer FTJ Single-layer FSJ FeFET/FGM  Fe-Memcapacitor Composite-stack FTJ
g g single-layer F1J single-layer F5J
cathode cathode cathode cathode
drain gate source anode anode

FSD device concepts @
at TRL1-2 on gm scale

L

anode anode anode

device scaling CMOS
co-integration
FSD crossbar arrays @
on nm scale ﬁ
Demonstration at TRL4
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Summary and Conclusion FIXIT

. —__—--—- :
4 Cycling endurance Data retention 4
, N

N

” Device-to-device variability 4
| ~---——————_———’

" There is a complex interplay between different reliability aspects of the
ferroelectric devices that has to be tackled by thorough DTCO.
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Conclusion FIXIT

» HfO,-based ferroelectric devices are getting mature Jéﬁg TI‘_ g
» Switching kinetics have strong impact on device operation

» FeCAP is best suited for memory application

» FeFET is the most versatile ferroelectric device

» FTJ is the most interesting device for parallel operation

» A thorough DTCO is mandatory to get the ferroelectric devices run
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THANK YOU!

QUESTIONS?
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