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Introduction — History of ferroelectric memories

ALISAF202

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 | prT——
Ferroelectricity FRAM Turns 68

b 3
ChlpsElcooml

Perhaps the oldest nonvolatile semiconductor memory type

is the ferroelectric memory, whit s celebrated its
Y > 5 4 th E 3 '
Pro_f. Susan TroIler—McKlnstry dy 68" birthday. FRAM predates flash memory, EEPROM,
July 10,2020 and even UV-erasable EPROM. It’s even older than mask

FRAM FeRAM Ferroelectric ROM, which wasn't invented until 1967!

As a matter of introduction to the technology, FRAM, or

Presented at the Ferl ks W ar Series
June 2, 2020

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

1993
Introduction of first
commercially
available FRAM
product 512x8 by
Ramtron (now
Infineon)

[
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Introduction - First report of ferroelectric hafnium oxide

12 years of ferroelectric hafnia Publications and citations on the topic

Home > Applied Physics Letters > Volume 99, Issue 10 > 10.1063, /1.3634052 “ - - ,,
[i)] Full . Published Online: 08 September 2011 Accepted: August 2011 fe rro e I e ct rl c m e m o rl es
Ferroelectricity in hafnium oxide thin films

Appl. Phys. Lett. 99,102903 (201); https:/doi.org/10.1063/1.3634052 | 22000
600
{ T. 5. Béscke™ 201y Miiller?, D. Brauhaus?, U. Schroder® P}, and U, Béttger® 550 I 22000
- 20000
[ﬁ Full - Submitted: 26 July 2011 - Accepted: 14 August 2011 - Published Online: 12 September 2011 5001
- 18000
o . o . 450
Ferroelectric Zrg sHfo 50, thin films for nonvolatile memory
h + 16000
applications v
350 - - 14000
Home > Journal of Applied Physics > Volume 110, Issue 11 > 10.1063/1.3667205 g 300 - 12000 Q
[ﬁ Full « Submitted: 23 September 2011 - pted: 05 N mber 2011 « Published Online: 07 December 2011 E %‘
. . R N . . &5, and L. Frey® 3 250 L0000 3
Ferroelectricity in yttrium-doped hafnium oxide ] | oo
Journal of Applied Physics 110, 114113 (2011); https://doi.org/10.1063/1.3667205 150 4 - 6000
3. Miiller @, U. Schréder? P, T. 5. Béscke™ P, 1. Miiller, U. Béttger®, L. Wilde!, 3. Sundqvist™ ), M. Lemberger®, P. Kiicher!, T. Mikolajick?®, and L. Frey>” 100 - 4000
View Affiliations View Contributors 50+ - 2000
i P R R R P A R R
4 years o f ferroelectric AIScN SO S 8888888 S S S8 8588888888888888888855838838885535ESSE55658¢

Publications Citations

-
AIScN: A 1llI-V semiconductor based ferroelectric 1

Cite as: 3. Appl. Phys. 125, 114103 (2019); doi: 10.1063/1 5084945 gﬁ; ﬁ'l
Submitted: 7 December 2018 - Accepted: 28 February 2019 - e Evencion
Published Online: 18 March 2019 1 9

‘ Simon Fichtner,' Z‘, Niklas Wolff.? (2 Fabian Lofink,? Lorenz Kienle,” and Bernhard Wagner'# 200 1 20 1 1

m Ferroelectric hafnium oxide was reported 12 years ago
m Research activities have reached new heights by having a CMOS compatible ferroelectric at hands

m Ferroelectric AIScN was reported only 4 years ago (
) NamMm
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Ferroelectrics — Reminder

Double well potential of Hysteresis

ferroelectric material
Ferroelectric crystal

F(E=0) 4 )
P=— [ 1(t)dt
2 [10
1 [ A > P A
/1% P -
1 ,’T\, 7/{'/';,
oL f T;z
tetragonal (T< T,) E. E. E 'Ec” ,"! E. E
Sl

X

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

[ Nam

. a tu dresden company
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Ferroelectrics — Materials for Semiconductor Devices

Lead-Zirconium Strontium-Bismuth- Polyvinylidenflouride  Orthorhombic Hafnium Aluminum
Titanate (PZT) Tantalate (SBT) (PVDF) Oxide (X:HfO,) Scandium Nitride
.___..._._,.__:.Q_._,. } Bism(t;th (A|SCN)
() Oxide
m N-polar
Perovskite % 4 ¢
® ® . ®
..:.'.-:‘_:.-. } BICS)EcL;:_'h ¢ M-polar
ABO;,  BaTiO,  PZT . @+ 0F @c
A2+ Ba2+ pb2+ . Sy
oz oz oz ® - ®
B4+ Ti4* Zra* [Tidr . Tas+
® ==
U. Schroder et al., Nature Reviews Materials 2022
~ 30-60pC/cm? ~ 15-30uC/cm? ~ 10-15pC/cm? ~ 30-80uC/cm? ~ 150-250pC/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 HEMD

Nam
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Ferroelectrics — Reliability Aspects

retention

~ imprint fatigue

polarization P polarization P polarization P
B P 5 :

S > ~
stordge time E 9 N \——T—’—_ 3
‘—g"’ ‘ ’ } ‘ | ’ | kS
g time t 5
Q
£
-
> C
Ve. ), voltage V
4../ VC+

voltage shift V¢ ¢ = |Vc+| - |Vc_ |

T. Mikolajick, Ref. Mod. in Mat. Sc. and

Mat. Eng., Elsevier 2016

m Retention: Depolarization as a function of time

m Imprint: Parallel shift of hysteresis as a function of time T Mikolajick et al., [RPS 2021

m Fatigue: Loss of polarization with field cycling
m Wake-up: Increase of polarization with field cycling in the early phase

Nam
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Ferroelectrics — Depolarization Fields

Top Electrode — Polarization

Electrode Ferroelectric Electrode Bl Non-polar grains

“ Inter-polar-grain non-polar region

[ ] Polar grains

Depolarization Field (MV/cm)

E — == Metal-ferroelectric interface -3 Fiven = 20 pcsor]
Edep_l -4.0 Hf(:)2 Prar = 30 iG/om? PZT
O 0 25 50 75 100 125
Bottom Electrode | <— Edep s o Ferroelectric Thickness (nm)

ol o FFFF A+ F

Interface Field

e0(dint€rg + dpg€int)

F. Mehmood et al., Adv. Mat. Interf. 2019 P. D. Lomenzo et al., APL 2020

Depolarization Field

—Pd;,; Eint =

Erg =
eo(dinc€rg + drp€int)

P. D. Lomenzo et al., NVMTS 2019

P. D. Lomenzo et al., ACS Appl. El. Mat. 2020

m Non ideal electrodes and non-polar regions in the ferroelectric lead to a depolarization field
m The depolarization field can lead to a depolarization of the ferroelectric and to charge injection across non-polar
interface layers (

- nam
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Ferroelectrics — Integration challenges of perovskites

Material aspects for integration SBT in CMOS Difficulty of PZT 3D integration

_...» [l Hydrogen sensitivity
----_.--“" W. Hartner et al., ISIF, 2000

O Sufficient remanent polarization

[0 appropriate coercive voltage
O reliability

O thermal budget
O Scaling M. Mort et et al., ISIF, 2000
H. Bachhofer et et al., ISIF, 2000

‘.,AI:I Electrode

‘!
lllll;lll'l'l|ll

0 barrier

‘A [] Additional thermal budget

O contaminations M. Réhner, T. Mlkolajick et al., ISIF, 2002 J.-M. Koo et al., IEDM, 2005

C.-P. Yeh et al., AiP Advances, 2016

T. Mlkolajick et al., Microelectronics Reliability, 2001

C.-U. Pinnow and T. Mikolajick, Journal of the ECS, 2004 [
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Ferroelectrics — stabilization of the Orthorhombic phase in HfO,

Z@ oce

Polymorphs in polycrystalline hafnium
oxide and resulting electrical behavior

tetragon
al

(

antiferro-
electric
like

J/

orthorhombic

non-centrosymmetric

ferroelectric

monoclinic

J

-
c
@
=
c
Q
O
Q
©
O
©
>
c
0]
.
b d
o
~
=
c
©
®.
)
&)

0|
paraelectric

\_

AN 2N

\'TI

m Orthorhombic HfO, is a metastable phase
m Many knobs are know to stabilize the orthorhombic phase
m The different factors involved are interdependent on each other

Possible knobs to stabilize the
orthorhombic phase in HfO,

monoclinic tetragonal cubic
; a; a;
[‘%‘D;’ Lﬁ[ o L-E E E Ic1
C C| C
a a a
a,=5.09A a;=c,=512A

Oxygen Vacancies
Stress / Strain
Quenching after Crystallization

Surface Energy

orthorhombic

Nam
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Ferroelectrics — Electrode Effects

Ferroelectric capacitor illustrating defects and charges at the electrode/ferroelectric interfaces

P
Electrod It
ectrode
Q.
: []
'E ) QFE+ Qit+
==
(& ]
2
Q
o
E - _(_?_Vo-r-
/‘f ..........
Electrode Qs

m Interface between electrode and ferroelectric is a highly defective region

m Charge dynamics at the interface is decisive for reliability
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Ferroelectrics — Vvariation of Top Electrode

. Phase distribution Estimated oxidation of electrode
Investigated Electrodes 100 R
[ Im[Jol1t 50 - .
fo.52r050, Hf Zry <05 Hfy:Zry 50, % 60 g F - -
5 I i i T %30_' .-*" NbN
e . T
0 L
Hfg,sZrp 50, Hfy :Zrp 0, Hfy.5Zrg50, ‘;U I "% 1ol
o ool o W, -*
_ & [Ruo,4
° Ok | e
Correlation between ofrlll Tl 1 A
TiN | TiaN | NN [ w | Ruo, 00 02 04 06 08 10
Endurance and 2Pr _ Vo (%)
__Imprintslope Imprint slope vs. Hysteresis shift
Tr =020r T ~o0.18} TIAIN' TiN ]
. RuO, o TIAIN ) @ ! m  Positive
:‘C_’. —O— i 83 l TiN . 26016 ® Negative |
= ", = * : < NbN Moo, .-
% o TIAIN‘;)-.'TH-I\_I. § 0.15 - 1 . T\/'Ic;c—);—@ NbN i 5 014l "l i + .
= z s w TiAn\l_,,n'“' + §
E S . 2 i ? MoO, TE|N NON 5/012 { + %
St NbN - Sotwof g Boul- 13
e AN e g y Eoos W +
5 10 15 20 25 30 35 40 45 50 55 60 I m  Positive a Sel
2P, (uC/cm?) — 005 , , , © Negative J E o6 -
16 18 20 22 24 26 28 —Ol.l OTO Ofl OTZ Of3 Of4 Of5 0T6 017

P, (uClcm?) Hysteresis Shift (MV/cm)

m Nitrides, Oxides and pure metal have been investigated

m Oxidation of electrode is a major differentiator
|
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Ferroelectrics — variation

Investigated Electrodes

!!fﬂ.ﬁzrl].!vol

Hfy 521050,

Phase distribution

100

80

60

40

Phase Content (%)

20

i

il

w

MoO,

2P (uC/cm?)

Electrode/HZO lattice mismatch

of Bottom Electrode

A ISAF2029

O-phase fraction vs. 2Pr

60 w MoO, |
Param. BE TE BEm ®m _.° A
1.2 a A A ~—50 “
b v w .. X . TiN_TiN
c ® o ) & = TIAIN R‘:OZ-NbN-
. P |
9 . v’ S T w
o RuO . P o -
Hfy 521050, k=] & Ngl_\l. TiN 8 30 . T-E
© 0.8} ’ e @
: S oot
o
Len ’ o 10}
o6L.-" & RD, -
. P L L L L L ok
26 28 30 32 34 36 38 L L ! : L L L L
Endurance 2P, (uC/em?) o] 5 10 15 20 25 30 35 40
- (n/cm . 2
2P, (nC/cm®)
e — Imprint slope
50 ~ =1 T T T
0.18
I I = Positive
40 + 4 50.16 1 * Negative
| 2 TiN
= 0.14
30+ T S
> 0.12
| = MoO,
20 | L oa0
o
I P 008
10 L Bottom Electrode | £ w
TiN g' 0.06
L —_ £ o.
oL —¥— MoO, 0.04
! ! ! ! ! ! ! ! ! : ) ) . . .
Start 10° 10! 102 10°® 10* 10° 10° 107 0.0 0.2 0.4 0.6 0.8
Cycle (n) Vo (%)

m Phase composition is independent of position of electrode (top or bottom)
m Reduced scavenging of oxide and nitride electrode leads to increased m-phase and reduce polarization
m Tensile stress (large lattice parameter ratio between electrode and HZO, is more effectively increases Pr at the BE
m No pronounced effect on reliability

R. Alcala et al., Adv. Funct. Mat. , 2023

[

)
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Ferroelectrics — Origin of Antiferroelectric Hysteresis

Antiferroelectric hysteresis vs.
antiferroelectric like hysteresis

30 == La-doped HfO, e
— Zr0, &
< :
4 0.2
g 15 <
Q &
S 0- L00 §
2 0
m -—
8 5
® 154 =
<15 --02 5
o O
-30 4 a
- @ -0.4

4 2 @ 2 4 4 2 0 2 4
Electric Field (MV cm™)

Simulated and measured piezoresponse

= (a) zro, ~301(b) RAD 60
© = Zr047Hfy 130, > @ "-: g
o § 20 i La0 2
= To i =
o o] ¢ 4 c
e 35 10 §d 2
o Ef 46 F20 §
o n g A% =
& R ol e 3
alf————— - - & 0o o o

o 1 2 3 4 0 5 4 5

Electric Field (MV cm” Electric Field (MV cm™)

t-phase 0 MV cm! t-phase 3.75 MV cm''  o-phase 4.375 MV cm'  o-phase 5.625 MV cm'!
Electrostriction Phase Transformation
M = 0.3x1020m?2 V2 d"=31pmV’

200

Amplitude (a.u.)
180 0

Phase (°)

200 0

0

Piezoresponse (a.u.)

-200

Direct observation of field induced phase
transition using Band Excitation (BE) AFM

MV/ecm | MV/cm MV/cm M\}lcm

P. D. Lomenzo et all., Adv. Funk. Mat., 2023

m Origin of antiferroelectric hysteresis is still not 100% clarified
m On hypothesis is a field induced phase transformation
m Direct experimental evidence for the field induced phase

transformation is achieved by BE-AFM

ﬁllESEAF 2028
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Basic Ferroelectric Memory Device - Overview

‘arnetiana §mposiurm o ntegratest functionaisies | <1/ |

Readout by switched charge:

Readout by coupling to transistor =~ Readout by resistance change: FTJ
FeRAM (DRAM like) channel: FeFET (Flash like) (RRAM like)

Ferroelectric
(switching)

P —
P. n & Electrodel
MFS MAS MPAMIS
Reading ,0" —p
(non-switching) " M 1
. . e e w18 ¥
O Us.  Voltage U' Time t Lih L * 5 i I
s s s :
1] S

HKMG nFET

i
=3

Ferroelectric

Electrodel
4
1 X2

Current

| ©,>0,

FeFET

HKMG pFET

T. Mikolajick, Ref. Mod. in Mat. Sc. and
Mat. Eng., Elsevier 2016

E. Y. Tsymbal and H. Kohlstedt, Science 2006
H. Mulasomanovic et al., Nanotechnology 2021

m Ferroelectric materials enable three fundamentally different types of memory devices
m New possibilities for in-memory computing and neuromorphic computing

" J[ nam
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Basic Ferroelectric Memory Devices — FeRAM

Curent reponse during

Readout in 1T-1C FeRAM cell Comparison of stacked capacitor
reading out of a height between DRAM and HfO, based
capacitor Wordline (WL) FeRAM
2 s Access Transistor
£ T Wi IT 1C DRAM IT 1C FeRAM
- Reading ,1° Plateline (PL) ~ supporting
:8 (switching) f Vemory Cel S% structure
E Ca I Vi '_2' 2
3 Reading ,0" R Sense % —_
e Amplifier !
(non-switching) out %
>
! Time t || [ 1 [ ]

. I I I R
BL | A—l

Time

S. Slesazeck et al. IWCM2 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

" J[ nam

a tu dresden company
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Basic Ferroelectric Memory Devices — FeRAM

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
ol BitLine o~ 14
= 100000 '.\\ 1.2 —-"’.,I’/.
BEOL LE:]v: é 0 .\Data “0” r/ 1 === ‘
FRAM pzT g 1000 L " ®os
Module — 1 !l‘ Data ”1'/; § 0.6
Line 8 A 0.
reoL| | R g ‘ 2 10 " ! . E o4 = 2V@25°C -w- 2V@125°C
3 L Sense Margin J 502
ARRAY PERIPHERY | | 1 = 0
0 20 40 60 80 100 120 140 160 180 200 220 16402 1E+05 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 _
® g3 \\“\\\§
%o.s T
5 0.6
E 04 -+ 175°CSS Retention Bake
202 -e 175°CSS Bake, Post-Cyding
0
Image Copyright Chipworks 0.1 1 10 100 1000

Cumulative Bake Time (Hours), Log Scale

m First ferroelectric memories came to market in the early 1990s

m Today state of the artis 130nm/90nm technology

m Very good performance and reliability data (
r NnaMm

. a tu dresden company
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Basic Ferroelectric Memory Devices — FeRAM

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 different temperatures
| I I : Im2 : % [0 8'5°C ' Extra'olated D'ata'
— : 51(7)755%2”12 E o : ﬁgg Failure@z.p,psm uC/crEZ/
‘ g - S s % 0024 urf (est) | % ‘,A
h TiN / HIO:Si / TiN % kg, ! E 70 A;'A
ferroelectric & R ‘{;"% 1 g %0 N B
capacitors Q e :\Q 1 ggg. ' L -
- g 5\.‘\!\:\\ . 3 E LS
p ) TR
M1 _ o * ] 2r . . . . .
130 nm node transistor level ‘.‘ é é ; 10 Time to Faure [10°4]
Bit failures as a function of _ Etecc Field [MVier| _ _ :
orogramming amplitude Retention of MFM capacitor with Si-doped HfO, Influence of area, Temp and Field
- = _ gi Faiore (%] for different capacitor sizes on reliability of MFM capacitor
Programming a 0 [« Progra a " . .
045 Vier = 085V [IERS s e with Sl-doped Hf02
© o : 25 i
Zeo = o of 2::3::3333:3:2?%%%%&2?-:555335zfé
£ £ H3 Cycles to
L3 < 0.52 = T ) Wake-Up éreak Imprint | Retention
n E 5_ [ | + + E ] -
a0 530 § o Tl Hl Area (1) - 1 - -
— _ \ 0.05 o 5k Ca:C|xT]rS:Fe;o 1345 -, 2] Temperature (|) | 1
1 T 1 T e 1 LA T I [IERR TIE ~ ol P Sored @ 85°C ] Electric Field (]) - 1
SL Pulse Width [ns] BL Pulse Width [ns] sl
- L rube gk (hsd ruse ninsk PP
20 ¢ t:::::::::::::;:iﬁ:iwi@""" =03

25+ 4
T. Francois et al., IEDM 2019, 2021 100 A0 A0 AR A0 100 A0 AP 107 10°

Time [s]

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

B Promising data for integrated FeRAM using silicon doped hafnium oxide has been shown (
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w o Foerontectrics (1545)

Basic Ferroelectric Memory Devices — FeRAM

Simulated and measured read Weibull plot of the cycling failures
Cross section of cell and top view - measured and extrapolated for a
; operation of 1T-1C HZO FeRAM P

data0 datal data0 datal

: [WL SEI| .
{{ PL [ i E L Lh L L ® Experimentat3.5V
L 218 IEN. A S AN —  Weibull fitting at 3.5 V

Voltage (V)
o = Now

a0 fef aezia Prediction at 2.0 V

Mi g v .'
1] e G2 -1 I Accelerdtion by stress voltage
Transistor level >0 : E : i T : 11 H : HE: t :4
0 40 80 0O 40 80 0 0.5 1.0 0 0.5 1.0 i
time (ns) time (ns) fime (ps) time (ps) o) -5
. . _ ) o -6
Vg distribution of 1T1C HZO FeRAM Time to breakdown for HZO as a function of =
for different capacitor sizes electric field and film thickness 2 g
Y10
5.0 2 107k : g 1']
4,3 L 'Dai‘:aO‘ ’ Da‘tal ‘ E 100k 180 b 1%
3. 3 L G . = 10k i nm
20 : ! 'l é 100 | 14 ! M
© ol | v 1 ' g 100 15 1 1051010 10151020
£ 00 F ¢ 9 ' % 107 F .
2 10 } i 8 T 10° | Accelerated | i
ey | 2318 g 100 | foctar ~10 Cycle to Fail [cycle]
-3.0 } s, ¢ ) *3 10" |
40 | 0.4 0.6 0.8 1.0 ym? E 10k
5.0 — = 100 . e
00 02 04 06 08 10 12 14 1 2 3 4 5
AVg (V) Applied Electric Field [MV/cm]
J. Okuno et al., VLSI 2020 J. Okuno et al., JEDS 2022 J. Okuno et al., EDTM 2022
M First promising data for integrated FeRAM using HZO has been shown (
J a tu dresden company
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Basic Ferroelectric Memory Devices — FeRAM

Polarization per footprint Endurance of 3D structures for different cycling fields
of 2D and 3D structure

cveles [n]
10° 10t 1w 1w 1w 100 100 1w 100 10" 10"

znn L LI | LI LI}
| | 1
150 b= . M

300

100
50

150

50
=100
2150
2200 ,
300 prr=rr |
150 bbbt

(pojected area A¥B)
L]

polarization [uC/cm’|
(projected area A*B)

-150

-300 N
150 piogf gt EEER e S SRR

b e B=152 pClem?
-4 -2 0 2 4

E-Field [MV/eml] ' T EField [MVicm]

polarization Ipl{'lfﬂll:] remanent polarization |p{'ﬁrm=|

(pojected area A*B)

J. Miller et al., IEDM 2013 P. Polakowski, IMW 2014

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

Nam
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Basic Ferroelectric Memory Devices — FeRAM

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
FeERAM

QO SN Hole Etch g
@)
O BETINDEP ' il
fosv
() Plug Poly Deposition ;("a r $0.9V
SO.G
QO oxbip Out 2
0.4

QO HzO DEP(ALD)

" . i 0.2 : : ) i : : ‘ . ‘

2 0 10 20 30 40 5 60 70 80 90
(O PLT TiN Dep(TE) ot ‘1,‘(:’328;;0. tWR (ns)
(O PMA(Soak Anneal) H

26 x® 30 32 L) ;T 40
20 (degree)
B First demonstration of HZO integration into 1xnm technology

M Little data publicly available so far
r namMm
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Basic Ferroelectric Memory Devices — FeFET - reminder

Generic ferroelectric FET Gate voltage

Gate Vo= s+ QSC((pS) + Epy - dpy
CStack
= Ferroelectric [
At flatband

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

Memory window

MW = Vppy —Vpp- = 2+ E¢ - 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 |-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

[ Nam
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Basic Ferroelectric Memory Devices — FeFET

Cross sections of 28nm logic FETs and FeFET

HKMG nFET

22nm FDSOI FeFET device

10MbArray
Layout and test patterns

ALISAF2029

————— o o
NG ” . “FeFET| L.
= : " -FefET/ I
TIN %w 2 %w FE FET 2
o e - A i LFerET|
SION (IF) Ferro-HK 2 E ] = FE FET .
: " - “FeFET| |-
SR el U,
o —— ‘ - . -
-V curves for low and high VT Improvement of Variability Cycling endurance behavior
states Of 28nm FeFET deV|Ce across over time L450nm x W450nm single devices endurance
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B Cell transistor only differs in HfO, details; Periphery devices not affected
B Array is fully functional and variability is continuously improving

H. Mulasomanovic et al.,

Nanotechnology 2021
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Ferroelectric Memories — FeFET

Construction of VG vs. ts plots using one shot switching Comparison of accumt.xlative switchi.ng
in large and small devices (AS) and one shot switching (OSS) in

large and small devices
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B VG vs. t plot can be used to extract retention behavior form switching experiments

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
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Ferroelectric Memories — FeFET

Switching probability of scaled
(80nm/20|jm) FeFET

107 10° 10° 10™ 10° 102 10
tow [8]

[
Number of pulses required to switch scaled FeFET as a function of pulse height and width
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B Ultra-scaled FeFETs exhibit accumulative switching
m Probability curve istunable
B The effect can be used for mimicking biological neurons (
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Ferroelectric Memories — FeFET

Reading from front-gate

FDSOI FeFET

illustrating front- and T ¥ 1
. l, . < 6L
back-gate capacitances L O
o7k

10
= T {I) 10
= 10
10

IV
BG .IO

IIIIIIIIIIII

-0.5

LvT

1.5V

0 0.5 1 1.5 2
Vig IV

Reading from back-gate

-5

m VT
® HVT

0 5 10
VBG [V]

ALISAF2029

18 Intmrmatiansi Syt an a

Demonstration of 8-V levels

10 years

VN

10®ee0®0g0e - - ___ —

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
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Ferroelectric Memories — FeFET

FeFET integrated into 3D NAND Cell distributions for 3bits per cell
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B First data on integration of ferroelectric Hafnia into 3D NAND shows promising data S Vet et el , WLl 20ne
even for 3 - 4 bits/cell operation (
NamMm

i ) a tu dresden company



Ferroelectric Memories - FTJ

Switching and reading behavior of

] Fraction of switched area as a
two layer FTJ using 1nm, 3nm and

Two Layer Ferroelectric Tunnel

: function of pulse amplitude

Junction 6nm tunneling layer
g :. ]
Ferroelectric Ferroelectric § - é ! - :
._'L_IEJ — :‘E =10 -53 -6 -4 vznlug.(zj 4 6 8 1 _-
§ Electrodel %J Electrodel : : 1
‘ — i 1 j) E 154 ; ]
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| s 0 6 8 10 0. i
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| ] I ’
Vread Vread L = : i = 100 T
E '’ i : i
- £ o EH )1
g ] E £ col T T T T T T T T
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-2 3 40
- 207 abs. Voltage amplitude (V)
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B. Max et al., ESSDERC 2018 B. Max et al., JEDS 2019 B. Max et al., ACS Appl. El . Mat, 2020

B FTJ)is a two terminal resistive switching device
B Stable device operation is possible in a certain thickness window; Dependent on material choice

B Multi-Level is demonstrated in large area test structure (
NamMm

. a tu dresden company




Ferroelectric Memories - FTJ

Thinning of ferroelectric layer using
atomic layer etching

Ferroelectric Top electrode ALE of
capacitor removal ferroelectric
fabrication HZ0
TilN
HZO HZO
> T > IR
Si Si Si
Capacitor Top electrode ALD of AlLO,
definition deposition

Pt

TI ﬂ -

%+ . m.
Si Si Si

B Low currentis the biggestissue in FTJ devices

ALiShF2029

FTJ) performance with thinned

HZO layer
(a) 80f - —1 (b) 10'
| Linear fit :
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§10"‘ x289 ] 10 ' 16~
— xlSl {
107} R — 1 107
: 1
6 7 8 9 10 6 7 8 9 10 2

HZO thickness (nm)

M. Hoffmann et al., APL 2022

HZO thickness (nm)

B Hafnium Oxide with a thickness below 8nm is hard to stabilize in the orthorhombic phase

B Thinning after the crystallization can be an alternative

[
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Ferroelectric devices beyond memories - Basic IMC and NVL blocks&ISAF202

FeFET In-Memory Computing Nonvolatile Logic

memory

nonvolatile
element

E. Breyer et al., APL 2021

B Low currentis the biggest issue in FTJ devices
B Hafnium Oxide with a thickness below 8nm is hard to stabilize in the orthorhombic phase

B Thinning after the crystallization can be an alternative (
)33 - nam




Ferroelectric devices beyond memories - Basic IMC and NVL blocks&ISAF202

Reconfigurable NAND/NOR gate reconfigurable and NOR gate
y NAND/NOR gate
"F.d In FE Out (1) QOut (V)
PU ’d‘ V OVand V.>0Vor Z 2 Z 1
v 1| o 0 1
Vout 1] 1 1 0
W In | FE | out() | out(v)
o| o 0 1
o 1 1 0
Vo V 1| o 1 0
: 1| 1 1 0

B One input is stored in form of the ferroelectric polarization

B The second input is applied to the gate
B Reconfiguration can be done by the source voltage or by the back gate voltage in the case of FDSOI
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Ferroelectric devices beyond memories — Image Filter AISAF2029
Single layer perceptron as image filter. Hybrid static-dynamic full-adder (a) Schematic block diagram of

Kernel coefficients are stored in FeFETs the 8 bit multiplier consisting of 100 full-adders (b)
integrated into CMOS multipliers

Dynamic Static
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N
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«

m Integrating FeFET into adder/multiplier
structures allows to keep the coefficients
directly in the location they are needed

w
o

discharge time t,,, [ns]
a &

S. Sesazeck et al.,
unpublished results
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Ferroelectric devices beyond memories — Artificial neural networkaah

Schematic of an Artificial Neural Network Training and Inference

b‘ ~,  ,~ forward  “dog” labels
=0 AT ¢ _" |
USBANN o/ =? “human face"”
« SO -«
Large N J/ i backward  error

TRAINING

input layer hidden layer hidden layer output layer

MODEL
: % \*f
g 11 AR
1] SN2 forwara
i € ;\?it\_ /’:>é('\_) » “human face”
/Smaller, 9, ) @
varied N CY

INFERENCE ~7

_ . . Activation Multiolicati
O node Z summation _/’ cunction WiltJh l\i;gatf&
m A very simplistic model of the brain
m Nodes are connected via weights
m Inputs to nodes are summed and transferred to the output via an activation function

m Network needs to be trained using large amount of sample data
m Vector-Matrix Multiplication (VMM) is an essential operation both in forward and backpropagation

m Analog in Memory computing to realize VMM is an interesting option (
NamMm
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Ferroelectric devices beyond memories — Artificial neural networka !

.

Multiply-accumulate in crosspoint array, Vector Matrix Multiplication using FeFET

T 1 v v
l 8 g & 61 4um "
v W BL SL iBL SL
5 = -
a L
v i -4 Tl e
3 I . % 128x128
20 o o o FeFET crossbar
| — ] [ ~—]
il e R a0
ll, y l:, 3
(a) (b)
la Truth table for FeFET based AND logic
g Input () | Weight (Via) | Output (1)
O (low¥y) | O (highVia) | O (lgy = 0)
\ngh i q(low W) | 1 (lowVe) | O (g =0) |
loo™= 0 Large on/off ratio e V'.) U (high Yin) v ey =0) I
Tox 1 (high i) | V' (low V) | "1 (lgy = 1)

ho=0

=
-

(c)

Qut Out Out Out
Vul VU2 V 3 V 4

Y. Long et al., ICCAD, 2018

4
In

IOut = 4 k
n

k=1

m Vector-Matrix multiplication (VMM) is a basic operation in ANN

m In a cross-point array VMM can be realized using Ohm’s Law (Multiply) and Kirchhoff’s Law (Accumulate)
m Either FTJs or FeFETs can be used to store the weights

m Details in FET based architectures can be different (e.g. separate SL or 2T)
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Ferroelectric devices beyond memories — spiking neural networks

possible circuit/device implementations of neuro-biological processes

Summation of weighted Vi V2 Vs
g f LN
Axon splkes - matrix-vector

1 FeFETs or FTJs with
> N o
—— multiplication in 1 analogue switching
crosspoint arrays

72:
Dendnte % \ Integrate and fire

inpu

RRAM and PCM

V,

Accumulative
neuron = pulse
7 RS /

accumulation in Time :> switching in
FeFETs or FTJs Long-term synaptic Short-term
with low <:| plasticity = set/reset synaptic excitation
M

Time

scaled FeFETS

FeFETs or FTJs with large
izati thanstionsimnon. = set transition in e :> depolarization field

depolarization volatile RRAM and PC volatile RRAM P

field Time » .
D. lelmini et al., APL Materials 2020

B |Important neuro-biological processes can be mimicked by modified memory devices
B The rich implementation variety of ferroelectric devices gives many possibilities
B STDP -like behavior is obtained in FeFET and FTJ

B The accumulative switching in scaled FeFETs can be used to mimic the integration and fire behavior

output input

of a neuron (
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Ferroelectric devices beyond memories — Synapses

FeFET operated as synapse

pre-neuron

post-spike «— —

y Ppre-spike

R

post-neuron

=>

STDP like behavior in FeFET
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ALISAF2029

STDP like behaviorin FTJ

Ferroelectric

12
10
*] .
] depression
4
2
0
-2 4 [ W 4V setand reset amplitudes as in a)
4 A adjusted setireset
-4 amplitudes and pulse width
— —— axponential fit
-6
-8
04
L2+ 1

-300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300

At (ps)

B [n a multi domain device the channel current can be controlled either by the voltage or

the time of the programming pulses
B Using an additional resistor a two terminal synapse can be mimicked

B STDP -like behavior is obtained

B The three terminal device can also be used directly to decouple prog. and reaq'r

H. Mulaosmanovic et al., VLSI 2017
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Ferroelectric devices beyond memories — Neurons

Accumulative switching of scaled FeFET Repeated integrate and Fire cycles for 7T Neuron circuit
o , wng different voltages e o
5 7| e Vi
10°F eV,=21V  eV,=22V V=23V
Y 11y 42 W [ T T T2:] I:T4
=3l mim
L] | o dPr mbin
10-8h o @ M pulses ]
. M tlime‘ I *h .&A,AJ\/\g&.f‘A MM‘ Vo '_lirl T6 )_‘ Yo
N1

070 0 20 30 40 50 = 109} ]
Number of pulses o BJ\[\ /\MMA'A M
107 @ A il Y 14 7
0 10 20 30 40 50
H. Mulaosmanovic et al., ACS AMI 2018 H. Mulaosmanovic et al., Nanoscale 2018 number of pulses B. Suresh et al., ICECS 2019

FTJ based integrate and fire neuron Simulation of FTJ based integrate and
fire neuron up to the first pulse

L g O A iy ] i o i

0

I

n1 (V) Vpass (V) Vi, (V) VeL (V)

=3
h—
h—
--—

- e
__1=__
-——
h—

A —

ihi H . . ' ' ‘ © Time (ms) ' ’
B Ultra-scaled FeFETs exhibit accumulative switching
B The effect can be used for mimicking biological neurons . Gipertini et &,
B current FTJ can be used in gain cell configuration (
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Ferroelectric FETs for frequency multiplication and mixing

AUISAF202

Frequency doubling and mixing: Principle of tuning ambipolarity in a FeFET device
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H. Mulaosmanovic et al., Nature Electronics 2020

B GIDL can be influenced by programming and erasing in a FeFET
B |[n an extreme case an ambipolar characteristic can be achieved

H. Mulaosmanovic et al., ACS AMI 2020

B Frequency doubling can be turned on and off by programming/erasing the FeFET
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Switchable Pyroelectricity

: : : : Pyroelectric coefficient of symmetric and
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Ferroelectric HEMT using AIScN

Epitaxial AIScN/GaN heterostructure  Std. HEMT (a) and Ferro HEMT (b) Benchmarking
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B AISCN is an Ideal FIT to GaN HEMT Technology

B Ferroelectric layers allows to tune the threshold voltage by voltage pulses

B In this example the AIScN takes the role of the AlGaN in creating the 2DEG (
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Ferroelectric HEMT using AIScN

AIScN/GaN/AIGaN/AIN/GaN HEMT @ Experimental VT tuning
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B Here AIScN is used as a ferroelectric insulator in a MISHEMTstructure
B Nice VT window in simulation, but much lower one observed experimentally
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Ferroelectric HEMT using AIScN

MBE grown AIScN/AIGaN/GaN HEMT
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B Again the AIScN is used in a MISHET structure

B Reasonable VT window
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Ferroelectric HEMT using AIScN

AIScN/AI203/ AlGaN/GaN HEMT

Electrical characterization of (sputtered

using sputtered AIScN AIScN)/AI203/ AlGaN/GaN HEMT
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B By using a recessed channel a VT window above 10V is achieved

Benchmarking

This work
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J.Y-Yang et al., IEEE EDL 2023

B Device can be switched between Depletion (D) and Enhancement (E) mode (
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Temperature stability of ferroelectric AIScN

Investigated structure Coercive field and polarization as a function of temperature up to 673K
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B Up to 673K AIScN shows high stability

m Useful for high temp and power electronics applications (
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Temperature stability of ferroelectric AIScN

Hysteresis bevor and after temp cycle to 873K as well

Coercive field and polarization as a function of temperature up to 873K as temp dependent permitivity
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B After heating to 873K AIScN shows irreversible degradation
B There seems to be a transition point at almost 600K

R. Guido et al., Appl. Mat. & Int. (2023)
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Summary and Conclusion

» Ferroelectric devices are very energy efficient in the programming operation

" Ferroelectric hafnium oxide can overcome the integration issues observed with
perovskite based ferroelectrics for CMOS while AlScN seems to be an ideal fit
for GAN HEMTS

" Three different read operations lead to there different memory cell concepts

= Array level demonstrators fabricated in industry compatible CMOS lines are
available both for FeERAM and FeFET based on hafnium oxide

" In-Memory computing and nonvolatile logic can be realized by taking advantage
of the fact that FeFETs can be integrated close to regular CMOS transistors and
can be programmed and erased using moderate voltages.

= FTJ and FeFETs can be used to realize artificial synapses and FeFETs enable the
accumulation required for artificial neurons to realize spiking neural networks

" Many more applications that use either the ferroelectricity ort the associated
piezo- and pyroelectricity can now be integrated on a chip
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