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Ferroelectricity

Classical Ferroelectric
PbTiO; , BaTiO5 etc.

Emerging CMOS compatible
Ferroelectrics:
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A ferroelectric is an insulator with a spontaneous polarization, Voltage+, V

which can be switched by an above coercive voltage .



Ferroelectric field-effect transistors (FEFETSs)
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FEFET is a FET wherein the threshold voltage gets
shifted by the direction and magnitude of the “remnant” polarization.



Ferroelectric devices (1 of 2)
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Ferroelectric devices (2 of 2)
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FEFET as an embedded memory

Metrics Mainstream embedded memory Embedded ferroelectric memory
eSRAM eDRAM’™ eFlash eFlash (SG  eFlash FEFET FEFET FRAM (hafnia FRAM
(FG) MONOS)#*  (SONOS)*  (hafnia (hafnia based) (perovskite
based, MFIS based, based)®’
structure) MFMIS
structure)
Cell size 120-150F? 40F? 40-60F? 40-50F 50-60F? 10-30F? 10-30F? 30-40F? 50-60F?
Cell structure 6T 1TC 1.5T 1.5T 2T 1T 1TIFE, 1T 1T1FE, 2T2FE  1T1FE, 2T2FE
Non-volatile No No Yes Yes Yes Yes Yes Yes Yes
Multi-bit operation No No Yes Yes Yes Yes Yes No No
Non-destructive read Yes No Yes Yes Yes Yes Yes No No
Status Av. Dev. Av. Dev. Dev. Res. Res. Res. Av.
Advanced node 7 nm 22 nm 40 nm 16 nm 28 nm 22 nm FDSOI N/A N/A 130 nm
demonstration FinFET FinFET FinFET HKMG
Write voltage <1V <1V ~12V ~12V -5V 1.5-4V ~1.5V 1-3V 1.5V
Write energy ~11J ~1pJ ~100pJ ~100 pJ 1-10 pJ 1-10 fJ 1-10 fJ ~100 fJ ~1pJ
Standby power High Medium Low Low Low Low Low Low Low
Write speed <lns >10 ns ~100ns <100 ns ~100 ns 1-10 ns 1-10 ns 1-10 ns 1ps
Read speed <Ins >10ns ~10 ns <10 ns ~10 ns 1-10 ns 1-10 ns 1-25ns 50-100 ns
Endurance >107 >10' ~10# ~10° ~108 10°-10° >10 >10"7 >10* hﬂ
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation
Specs
<1.5 V write voltage <10 ns write speed AVt 35 = 20-50 mV >10"2 cycles
>0.5 V memory window <10 ns read-after-write delay (7 nm node)
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation
Specs
<1.5 V write voltage <10 ns write speed AVt 35 = 20-50 >10"2 cycles
>0.5 V memory window <10 ns read-after-write delay (7 nm node
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation
\
Specs

<1.5 V write voltage <10 ns write spedd AVt 35 = 20-50 mV >10"2 cycles
>0.5 V memory window <10 ns read-afterywrite delay (7 nm node)
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Wang, Z., Tasneem, N., Hur, J., Chen, H., Yu, S., Chern, W., & Khan, A. (2021, December). Standby bias improvement of read after 9

write delay in ferroelectric field effect transistors. In 2021 IEEE International Electron Devices Meeting (IEDM) (pp. 19-3). IEEE.
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Progress in FEFET technology

2 3
Read/Write Device-to-device
Speed variation
Specs

<1.5 V write Yoltage
>0.5 V memoty window

<10 ns write speed
<10 ns read-after-write delay

AV 3 = 20-50 mV
(7 nm node)

>1012 cycles
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Ref. 4: Si (IL-Si0y),

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

[| (1.6 V@DC, BEOL)

Ref. 1: Si (IL-SiNy),

(1.0 V@RC, FEOL)pef. 5: Sj (1L-Si0;),
(0.8 V@100 ns, FEOL))

Ref. 7: Ge (IL-free
Ref. 6: Ge (IL-free), (0.5 V@100 ps,
(0.49/@5ps, FE‘

FEOL) O
Ref. 2: Si (IL-Si0;)

(0.5 V@1yis, 100K, FEOL)
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Write voltage vs. memory window trade-off
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Remote oxygen scavenging to reduce IL thickness

Before anneal During anneal After anneal

@ O - Oxygen atom O - Oxygen vacancy
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Park et al. (under review)
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Remote oxygen scavenging can result in controllable IL thickness.
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The effect of the IL thickness on Vc
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Dramatic reduction in coercive voltage is observed in Ge platform 2 |

with the change of the gate metal stack.



Ge-channel FEFETs with record-low write voltages

HZO 6 nm

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

15
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Ge-channel FEFETs with record-low write voltages
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Significant increase on the on-capacitance and reduction in coercive
voltage in Ge-channel FEFET.
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Pulsed I,-V; characteristics
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Significant reduction in the write voltage for iso-memory MW
condition in Ge-FEFET.

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

Ref. 3: WO (IL-free), Ref. 4: Si (IL-Si0,), Das, Dlpjyo_tl, e_t al. "A Ge-ChanneI
. (1.6 V@DC, BEOL) (1.5 V@10 ps, FEOL) Ferroelectric Field Effect Transistor
l:l ' with Logic-Compatible Write
15} Voltage." IEEE Electron Device
) Letters (2022).
- Ref. 1: Si (IL-SiN,),
S (1.0 V@DC, FEOL) o
< Ref. 5: Si (IL-SiO5),
; 10 ﬁ * ’ (0.8 V@100 ns, FEOL))
S _ ‘ Ref. 7: Ge (IL-free) [1] Tan et al., [EEE EDL, 42, 994, (2021),
This Work | Ref. 6: Ge (IL-free), (0.5 V@100 ps, [2] Tan et al., 2020 IEEE Symposium on VLSI
(0.4 V@5ps, FEOL) FEOL) Technology (2020).
05 O [3] Dutta ef al., IEEE EDL, 43, 382 (2022).
. [4] Diinkel ef al., IEDM (2017).
Ref. 2: Si (IL-SiO,) [5] Nguyen et al., [EEE EDL, 42, 1295, (2021).
(0.5 V@1ps, 100K, FEOL) [6] Liuet al., IEEE EDL, 40, 1419, (2019).
[7] Zacharaki et al., ACS Appl. Electron. Mater. ,
1 . 1 . 1 4,(2022).
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Progress in FEFET technology

<1.5 V write voltage
>0.5 V memory window

Long-channel FEFET '
with large grains

Scaled FEFET
with large grains

2 3
Read/Write Device-to-device
Speed variation
Specs
<10 ns write speed AVt 35 = 20-50 mV >10'2 cycles
<10 ns read-after-write delay (7 nm node)
Variation
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Microstructure in FEFETs

1. & 2.
Phase Sub-grain features (domain  Grain size &
(o-, m-, t-) walls, interphase boundaries) orientation
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Nano-Beam Electron Transmission Kikuchi

Diffraction Diffraction (TKD)
(NBED)

Dark field TEM
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Lombardo, S. F., et al. "Local epitaxial-like templating effects and grain size distribution in
atomic layer deposited Hf, 5Zr; 50, thin film ferroelectric capacitors." Applied Physics
Letters 119.9 (2021): 092901.



Quantification of microstructure
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Microstructural origin of AFE and FE in ZrO,
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Epitaxial-like templating: Near coincidence site epitaxy
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Epitaxial-like templating: Near coincidence site epitaxy
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Statistical Epitaxy Analysis via Automated NBED
MIM MOS

e

-: e N

~ to both | bottom
a 1-0 1 1 1 1 P p l. .

I 1 |
top: 0.57+0.13
57% 0.8 both: 0.43+0.13

top: 0.56+0.13

] ' both: 0.15+0.09 _
o bottom: 0.56+0.07 E bottom: 0.16+0.09
6% = : 96%
o) 06 r ' =
) 3 : T
o) ' i
S|02 S04} ; | S|02
Si : Si
0.2 ; -

fo
N\

g &G G
NSRS

27

Chae, K., Lombardo, S. F., Tasneem, N., Tian, M., Kumarasubramanian, H., Hur, J., ... & Khan, A. I. (2022). Local Epitaxial Templating Georgia&&
Effects in Ferroelectric and Antiferroelectric ZrO2. ACS Applied Materials & Interfaces, 14(32), 36771-36780. Tech|)

CREATING THE NEXT



Machine Learning Assisted Predictive TCAD
Modeling (from Metrology to Device Metrics)

Ferro polarization map (from TKD data

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

metrology to predictive modeling,” IEEE Symposium on
VLSI Technology and Circuits (VLSI) 2022.

Current [A]

el A

10

10°

1084

107

108/

10°

Gate Voltage [V]
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¥l vl 30 Error
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ML assisted Device Variation Modeling
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“Machine learning assisted statistical variation analysis
of ferroelectric transistors: from experimental
metrology to predictive modeling,” IEEE Symposium on
VLSI Technology and Circuits (VLSI) 2022

1.2 FTraining Dataset!

o
o

ML-based Vth [V]

-0.8

- o 200

(=]
»
T

o
o
T

=}
'S
T

» 100

o 500

LVT i

increases

# of training dataset

08 -04 0.

0.4 0.8
TCAD Vth [V]

1.2

TCAD results vs. ML-
based results of
HVT/LVT. Symbols
represent the data points
and lines are linearly
fitted trend lines.

TABLE Il. Average, 3-sigmgr:ls_|grd percentage of prediction

TCAD ML-based prediction
V1 V] 30 Error
HVT [V] 1.05 1.05 0.08 1.2%
LVT [V] -0.53 -0.53 0.07 2.0%
lon [MA] 6.68 6.68 1.01 2.1%
[mVidec] | 9452 94.48 9.0 1.6%




The era of ferroelectronics

The next wave of exponential growth of the semiconductor industry depends on how
well the electronic hardware can support the explosion of data-centric computing.
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