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Abstract

With the increasing demand for non-volatile memory (NVM) inartificial
intelligence (AI) and embedded systems, ferroelectric random access memory (FeRAM)
and ferroelectric field-effect transistor (FeFET) had been identified as promising
candidates due to their high speed, low power consumption, and CMOS compatibility.
However, device reliability had remained a critical concern, as electron trap behavior
and defect were known to induce threshold voltage shifts, memory window degradation,
and data retention loss under practical operating conditions.

In this study, the effect of trap distributions and internal field formation
mechanisms were investigated on the electrical characteristics of FeERAM and FeFET
devices, which had been using metal-ferroelectric-metalMFM) and gate-all-
around(GAA) device structures, respectively. For the FeFET, a titanium nitride (TiN) -
inserted double HfZrO, (HZO) stack had been implemented to enhance read-after-write
stability under fast operation, by introducing thickness-induced asymmetric coercive
fields and suppressing electron trapping under short read delay conditions.

For the FERAM, systematic thermal baking experiments had been conducted
across various temperatures and film thicknesses to analyze imprint effect. The results
confirmed that polarization-induced trap redistribution and oxygen vacancy transitions
were the dominant mechanisms responsible of internal field-induced degradation.

The findings highlighted the critical role of electron trapping and internal field
coupling in the reliability of ferroelectric memory, and provided experimentally
validated strategies for future device optimization in high-performance and high-

density applications.

Keywords: Electron Traps, Imprint Effect, FERAM, FeFET, Read-After-Write
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Bhew 2o V334422 5 ()% Bap 21 R EFHFH (Ec) F 7 it $¥R R
At e AR ATERAATME o 2RI R
read-after-write § B ¥ BLE D] cnaf B RIE 7 5 o
¥ & it > FeFET #hread-after-write # 4 {7 2 ¥ o i #2227 Bgep 2 T 17

AR SN E = .q.i-s-ﬁi‘%”“”“‘##_’wei RE SR el HZO,%%?LEEU‘ B & &« TIN

i £ & > 11y read-after-write ¥ F A& -

—e—HVT
—a— LVT]

10* 10® 107 10" 10° 10’
t, [s]

B] 1-12 n ] FeFET ** read-after-write $& (T » 7 L2 PFFFF ¥ V&2 MW 2_ 2
(18] -
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-

Detrapping Depolarization

Delay Time
B 1-13 FeFET *% read-after-write # 1% ¢ » Vyigu EpFR 8 2 4857 2 Bl
[13]

(b) (c)

Charge trapping Charge detrapping
— Qffset Edep — Edep enhancement
+ 4 1

IEEEXXXE:

B pe {} @; ﬁ

Edep induces
polarization degradation

T T T T

(a)

+4+++4+4+ 4 4+ 4+
n* = n* nt —\\/\Ii‘\ n* n* - n*
e e- —/ e
B 1-14 FEFET ® 1 @ j7 & Eaep @ 3 #4102 FAER LB ¢ ()F B 5 Egep »
B O~ & 3

£ 245 (C (D)L 3% i@ Eaep W 2 (C) Edep R BB H FE R &
[13] -
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2% TRRFRLAFTHR 2

21 fi 4

SEFBT A R B SR PRAB AR R A
SRt 2 RRKFEHFE N G2 g RS R L R BT HAY L
He i e J2 B s (P-Eloop) 113 28 jphl 2 e 2R F iS4
ER=RUE L IR S I PCCHIEED R A i

. AF 3 ¢ > & * Radiant Technologies #7 ® % 2. Precision Premier II
Ferroelectric Tester it 2 47 ~ 2 & Fd RE P2 E -7 o ﬁl%l AT IR
Bt & o ea EE P-E $E o ut o g Recovery k1T 0 R AR A 2
B TR L

F-25 o 8F3@ERFESEATE~E2EREE LR AP R
Keysight B1500A # fz B1530A Waveform Generator/Fast Measurement Unit
(WGFMU) #£%e > # & & Remote-sense and Switch Unit (RSU) fice = &

R REAGAREL - K F 0 7 F RE R R i AR

va’

ERZFEFF TN EFEFPHFET AL g HRPAE2 &0 EF S
BN G ATRA T e
AEHEEAL PGS B AR S *Ps}#ﬁgym/}m TP B FEFY R

B ik (TR SR T LS F RS AR TR HE I HRAH
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22 ZRIP oK TE AR

221 &R o 4 % -Radiant

rme hrid 2§ Pk % 5 RADIANT TECHNOLOGIES, INC. #1B % 2
Precision Premier Il Ferroelectric Tester » 3 & Ji& % 48 7 HhL4r2. £ B o 2548 5
LR BRI P-ERFY R i TEEE TR ERIT RS FHEL T
AT T I R 1 B o gt ¢k Premier IT 7~ ¥ £ 45 7% 38 & (Pulse Switching )~
# T in (Leakage Current )~ -V 2 C-V 2T HER] 7 4 873 b B HEREEF &
i (TR 2R ¥ A 7 o & 2-1 i Precision Premier II Ferroelectric Tester % ~ 412

[19] -
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#. 2-1 Precision Premier II Ferroelectric Tester % & 2#4[19] ©

Tester Parameter Premier
Voltage Range (built-in drive voltage) +10V
Voltage Range with an external amplifier and
10KV
high voltage interface (HVI)
Number of ADC Bits 18
Minimum Charge Resolution 0.80fC
Minimum Area Resolution (assuming 1 ADC bit =
0.080p2
1uC/cm?)
Maximum Charge Resolution 5.26mC
Maximum Area Resolution (assuming saturation
52.6cm?
polarization = 100uC/cm?)
Maximum Charge Resolution with High Voltage
526mcC
Interface (HVI)
Maximum Area Resolution (assuming saturation
>100cm?

polarization = 100uC/cm?) w/o HVI

Maximum Hysteresis Frequency

250KHz @ 10V

Minimum Hysteresis Frequency 0.03Hz
Minimum Pulse Width 0.5us
Minimum Pulse Rise Time (5V) 400ns
Maximum Pulse Width 1s
Maximum Delay between Pulses 40ks
Internal Clock 25ns
Minimum Leakage Current (assuming max
current integration period = 1 seconds) tpA
Maximum Small Signal Cap Frequency 1MHz
Minimum Small Signal Cap Frequency 1Hz
Output Rise Time Control 10° scaling
Input Capacitance -6fF
Electrometer Input All Test Frequencies for all y

es

test at any speed

16




222 BFV R2LEP

BORIRIL: BB 2 AR FRAEDTRERRT I ETIAHA L

L
T

e

et B > B WS P-EEFY A - £iplH F 5 Radiant QuickLook # %Y 4 o

AR ST R Sl R Ao 2-1 BR 22 r o RIR RS Es
% & (Max Voltage ) ~ # /& (Bias Voltage) ~ 1% 5 # (SampleArea) ~ # &5 &

( Sample Thickness ) ~ ;& ] i¥ #f (Hysteresis Period ) * ﬁ%l * o+ 7 # (Max Field )
FONRERARPHRSEFTHRT B AR EFY R AFDHEE ]

ms > ¥#EMEF L 1 kHz - B S8R ¢ 7 Bl #1430 - phif st > 12 ¢ R

(Centering) %34 il » 7 & £ 510 /& i 5 i % BF o 53 $HEI B

Hysteresis QuikLook

x
Hysteresis QuikLook Measurement Setup  QuikLook Plot Setup
Hysteresis Task Name (60 Characters Max) Amplifier Max Voltage Hyst. Bias (V) Sample Area E
Hyst-1 Set Amplifier Intermnal 3 0 0.0001
Drive Profile Type MaxField (KV/cm) ~ Hysteresis Period (ms)  Sample Thickness (um)

Standard Bipolar 3000.00 1 0.01

From File

gf:gda'd Manapalar Specify Profile Max. Voltage Frequency (Hz) Preset Loop
Double Bipolar ﬁ Specify Profile Max Field (kV/cm)  § 0pe+003 Pre-Loop Delay (ms)
Manopolar Sine c 1000

Double Bipolar Sine Set Run-Time Table Export Preview Profile

Inverse Cosine + 1

10 Percent Pulse [0 Run-Time Text File Table

All Zeroes

Set Sample Info

Internal Reference Elements

Enable Ref. Cap. [[] Enable Ref. Ferroelectric
SetSensor [ [Sensor Enabled Ew 0 nF (Max = 30 Volts) (Max = 12.0Volts)
SetSensor2 || Sensor2Enabled [ Enable Ref. Resistor FE Cap State
2.5 M-Chm £0.1% (Max = 100 [T
Center Data Before PMax, +Pr and +Vc Calculation
Smooth Data Before PMax, £Prand Ve Start with Last Amp Value 7]
- =
Set Hysteresis VDF Impart Auto Amplification
r Read Data From Vision File
Hysteresis Version: 5.10.3 - Radiant Technologies, Inc., 1999 - 7/29/16
RADIANT 7
7 TECHNOLOGIES. INC. 4
o

BT iE =R

@ 2-1 Radiant QuickLook B|3& %8k 2 /i o o

17



Hysteresis QuikLook
Hysteresis QuikLook Measurement Setup  QuikLook Plot Setup

Plot Title (60 Characters Max)

Plot Subtitle (60 Characters Max) =

Plot ¥ Auds Label (60 Characters Max)

Plat X Axis Label (60 Characters Max)

Voltage | Polarization (B/cm2) |
User Self-Prompt (60 Characters Max.) Data Label (32 Characters Max.)
| Hysteresis Data
Parameter to Append to Prompt Plot Filter
X-Axis Plat Options
one > > ~ < <None>> Charge [[E) Vs Voltage
Amp Voltage Gain @® Plot Voltage [ I - t=r=d Charge () Vs Voltage
Area O Plot Field (V/em) Capacitance () Vs Voltage Centered Charge (B) Vs Time
Branch Task: Looped Maormalized Capacitance [ Z/cm2) Vs VolCurrent (mA) Vs Voltage
Capacitor D Subsample Data Polarization Vs Time Current (mA) Vs Time (ms)
Die Column samp Centered Vs Time Instantaneous Current (mA) Vs Voltage
Die Row Smooth Data CE)NV Vs Time Instantaneous Current (mA) Vs Time (ms)
Drive Ch | N lized C 2NV Vs T
D:;: poftnne [ Display Tabbed ormalized C(E/cm2)/V Vs Time
Drive Voltage
Hardwara Brasent e

Comments (511 Characters

e =AW
B 2-2P-E § Bl 28k 24 5 o

pUeh AR B BRI i 7 Recovery 1T 0 1% 4o — kPl 0% ek R
(Wake-Up) 487 %Y ARDF @2 1R ®3 > R H&t 75802 &m
FALFS R L - B Y TR He g By~ TR (Peak Voltage) ~ 47
(Frequency ) ¥ e pF ¥ (Duration) % ¥ & 7 I #& 5% 2 £>% Recovery /i & 7

KE o HEKTE S AR 2-3 AT e

18



Waveform Setup
Wavaform Tazsk Name (60 Characters hMax ) Peak Voltags 1 Pulse Width (ms) Offzat Volts Area (em2) |
Racovan Set Aemplifie 3 | 0.0005 | 0 | 0.0001 |
Amgplifier Peak Voltaze 2 Fraquency (Hz) Duration (s} Thielnzss (um)
Waveform Type Intarnal | 3 | 100 | 10 | 0.01 |
Bina A~ - i
Trianele ——— Specify Profile Max. Voltage
- ] Seeity Profite Masx.Fisd (Viem)
Pulse Custom Waveform Fils Hame
Faxt 1 Adjust Duration in a Loop
Browss to File £
w Perf t t
Custom D orm Adjustmen Seale Factor
Szt Samgple Info D Diisable Short-Term Progress Dialoz I_ Adust by Sealing
Mo Progress for delays less than...
Sat Adjust Params I_ Adjust Parameaters in 2 Loop Increment (51
5 ...Beconds (30 s Masx.) I_
| Avdnast by I hat o
(it T i ey YL SR N
] Enable Ret. Farroslactric
User Self Prompt (60 Characters Max ) (Max = 12.0 Volts) Raspond to Nasting Branch Resat
FE Cap State Parameter to Append to Prompt
| 7] Cap 4 Enable
Amp Voltage Gai
Tester Nams Taster Serial Number [] Cap B Ensbie o eltage b
| Capacitor ID
Diz Column "
Comments (511 Characters Max.) = =
- - N
Waveform Version: 5.10.0 - Radiant Technologies, Inc., 1999 - 5/17/16 ||;) ADIANT 17
; ...;. ITECHNDLDGIEE. INC. et
5

B 2-3 Recovery f;VzK & /i ©

223 E R - 1 5-BIS30A

*# 2 i@ % Keysight BISO0A X %48 S ¥cs 47 1% > #£ e B1530A Waveform
Generator / Fast Measurement Unit (WGFMU ) #- %8 (7% 77 |+ £ /B - BI530A
FEUERER e FAA VAN RA T PR EE 0 L4 DC -
PG ( Pulse Generation ) 22 Fast IV = f&4k (T3¢ - B 2-4 5 BI1500A § #8145 - [20]>
FaF R AR BRI R LR R Y SR AT R RER
2 DUT (Device Under Test) # > ‘E B B B1500A T ik > 12 A 353Kk & &% A 4

PlREA
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AV KEYSIGHT 81300ttt e &> o0

e 0 I N T R S
e T —

SHRATREREEFERIL - A7 FHER RSU e - RSU & § @
B e TR P Lo & S N 4cE] 2-5 9r7[21] 0 F % RSU o~ ¥
W RIS S dp L E o B 2-6 5 RSU &om b B2 @ 32 472)[21] % 8 BNC
% ¥ LRI o Bl 27 5 RSU fimenp 52 B W[21]0 B 7 2 4o fO4dk 175 &
p # 3> SMU (Source Measurement Unit) ¥ WGFMU 2. FF 7 £ 5L B > @ B
B TV A - AT 0 B R LRSS M 2 WGFMU #oe
% RSU FILBAE MG 7 2 £ RIAE 2 > Flt AR 7 7 444 RSU -8 (735

SR AHR R 204 80 P o
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Oscilloscope

C—) [ e e e e | I
O 0 oo

0000,

0.8 8 3o

<o D <O © 0 0o

(@]
BNC Cable ‘

Bl 2-6RSU & 7 4 B2 m A[21] -

21



Output (SMA-female) V Monitor (BNC-female)

s

450 Q

i

-
-

~ R4 A

B 2-7 RSU #iie ph 283 g HI[21] -

224 RSU fﬁiﬁ‘]-ﬁ"fﬁﬁﬁ

Remote-sense and Switch Unit (RSU » %] %L B1531A) % Keysight B1500A %
B0 B RR A TR/ R RTR A E ¥ g d i SMU &
WGFMU 2_id g > 7 E - DUTHET § fdfk (FHN 2 B &2 357% -4 4 (PG)
Bk fFde (FastlV)e Sk Bl M2 BRI AR - & 844 RSU #
E@F%Mﬁ%%’”ﬁ%ﬂ GBI EAFHELY

# RSU ﬁ.&i‘fﬁ%i@ﬁ“ C REHZ I & ITHSY (Bypass ~ WGFMU &2
Fast IV) & W& (72 i St > L5 & 7k FRAEF LA 12187 RSU 5 41 2L
FACTEH o RRIFEREET A LSRR T AE LT UL R~ )
AP R RENA DL TRy Py R LIRS F R A
FRY o FE- HERERARELES LT ET G AEF T

= A TP 2 ST SR L AP 4o Bypass #53% 10 5 B A 2 RSU
Wi Hp > N o MR RE - o+ (40 BISITA & BI525A) #:i6= $ha 5

( Triaxial Cable) %_RSU # & 2z From SMU = v i& » » % & WGFMU $ic e »

EHd RSUZ Output 3@ 3 7 B e A 58T 7 A Bork 7 43 ke SMU
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=

»2TR-R (BB A ENTTESH ) hoB] 2-8 A7 > F FEEL RSU p R
BAfcie (Switch) 4B e A #aFFL F « NN EY > F L 4AME &2
ﬁ%:”.iﬁiﬂj » # i F]¥ & 5 Triaxial Cable 45/ 4 3 5§ 7 L HER -

WGFMU #2378 @ gt 58 ¢ > i igm 254 BIS30AWGFMU #-e g 4 > &d v
¢ Cable (WGFMU-to-RSU cable ) #:i%¥ T RSU # #r4E*L 8¢ ( Matrix-style ) » £
“d RSU p #% Switch *» 3% » %J ' 2 Output =3 ¥ 5+ 1 & B2 7EP - & RSU
a1 irr § o rA B RV ERIE WGFMU % 72 % rda) (7 F 2 /7%
PR~ T RA)E ) 4B 2-9 7 F L PUND (Positive-Up Negative-Down ) 2
R e F AR 2R N A o RIRR] 5 B LR E 3 L& 38 Switch
e

FastIV #5378 @ pt 038 2 3 % DUT & iepForie * > 7 BR*% fvd WGFMU # 2

=,

T % RSU &~ 5> 7nd RSU wi# T WGFMU :E {7 $8 o A fi50
T oo FRAR A L A4 jE DUT 4280 > & * £ P 2740 PUND i (74& it T i
BRl e do@] 2-10 A > & R HRT BT ELEI e B H RGBT T -
F RSU BB ¥ > P77 fc LD AoR] 2-11 2 23 83 -

FL F e S AT % Bypass &2 WGFMU e 28 4 B2 % > &% LR % °Fr
S A BER A I @AA, > LR ¥ R p Triaxial Cable & ¢ ¢ Cable p %
#7408 RSU 4B*Efrep 249 o B B Keysight BIS00A 4 #7835 { 58 H & ke

R
ERBATGFRET TV Pl L kR

Bl 2-8 Bypass #i3% T fij 12 & ¥ A

23



c2sms/s [/ ooov
=57 441,600ys 20k <10Hz

B 2-9 WGFMU fio5¢ ™ i3 1 2 & L S

AN KEYSIGHT

8.14645...

60u

200 u fdiv

40u

20u
0

-20u

-40u

MeasResultl

-60u

-8.1020...

0 200u 400u 600u 800u 1m 12m 14m 16m 18m 2m 22m
Time 200 u /div

Bl 2-10 Fast IV #-5;8 7 £ Bl2. PUND % i ©

A EcHT
1.18592...

800n
600 n
400n
200n
0
-200 n
-400 n
-600n
-800n
-lu
-1.2u
-l4u

-1.7168...

200N fdv

MeasResult1...

0 200u 400u 600u 800u 1Im 12m 14m 16m 18m 2m 22m
Time 200 u /div

B 2-11 RSU £ % 2. PUND % /i3 -
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F=F BTH%T LW (FeFET) 2 #FiLiFsd

314

FeFET G #§ # 214048 12~ 7 338 & &2 87 CMOS HWAz4p % chiA[10]> & 5
ATE e RMPITOE R FEER 2 - o % - 7 P FeFET £ @44 T 1
Wit ezt @ AR TR (Vi) ERE K ZA 82 e Bl

(MV) Mg s BEFT 5 m A% FREZ T AFFT P 97 R % B RIK # 2217%
el (TR AR 0 17 4 (8531 FeFET a{h (7 & e iAo

R FeFET e f 2R ¥ o fRaf s W > 2P 0 T X845, (read-
after-write ) #7ig = iRk T REHS S FTHE T A &G M4t o § n A FeFET &
B o~ BRSPS Ao o AR R 1 T % 4& (Dipole) B § w5 5 fra

LABT KB Ao B A2 R 4 J& (Charge Trapping ) R % > # &1t #7ig =
s 2 THE PN Y oo R BT NI BIE R B [13,22] 0 2 HAEF R 1R
R R EE > MR ARG P A A R R ITIR G 0 i BT F
AL P R [23] o

T OFIRTRYES AR T B ox T S (GAAFeFET ) >t g (77 » 5] & 7%
Jie (Corner) T H-# ¢ ERapaE A fFEERM 2 = 2[24] AEFUEFH T
Pk o BAMBTF 44 (Double HIZrOy, DHZO) 3 &4 > &3
F48 2K%AT Kk TN iT5 15424 (TiN-Inserted Double HZO, TiN-DHZO ) - 3%
AP P TR HZOZ2Z 2 R 5 AR (A% 5 5nm£ 10 nm) - £ I L R i ahgg
FRF o Rt REE IRRETREE s Ea et L Vi~ RLF
B8 2 b R [25] o

B] 3-1 B ;7 GAA FeFET ** 8 » w 2_ Ip-Vg & 15 & 4 o fpf>t @3 4% 15 nm H
% HZO ‘%4 (Single-HZO) » TIN-DHZO $ 8 4 502 $#HL2 oAk % 3

PHEF {AFIRAETBRETH IR L 3 2T ) e hi
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15 Single-HZO (15 nm)
10 " —— TiN-DHZO (5/10 nm)

-16 r . " T SR |
10-54321012345

Ve V)

B 3-1 8 & HZO & Bk HZO B2 Ip-Vo T 124 & -

3.2 B » 133 B~ (Read-After-Write) § k&

* & 4% GAAFeFET ~ i3 8 » 14 3% B~3% (¥ (read-after-write ) © 2_ §&f &
BRIETMHEFLT TR R2ZREEEEE PRI TR R PRGBS
Bt AEEARFRN LT FAPEAVIESR Y > &n F T R4 &~
LR F IR HF T RAROP T S AP TRV AR
Single-HZO ¢ TiN-DHZO » £ 34 $ 1 £ B #3e AL ¥ chidri 4 o

AR ERBEES-S5VELSV 2 H - B % iE s % i#RE R (Pulse Width, PW ) 2%
5 100us & 10ns & %2 > M EFE FE A 2 FiTe AFERY P > REWIF
RARAEBHETF > Ly PRFBIyFATIPE ERY 2 R 2

(Incomplete Switching) ¢ 2 # 2 £ 2 /i TH A F > E&d F A HFF[13] -

FB D TR AR AR e R B - Ve il o G- HRE
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PERAPM (75 F BRI E BT (tay) 72 P REE 1052 100
Ao R B3 7 W R R0 SRR R AR R trapping 7 5 2

B ATACRE] 32 AT 0 B AR 28 2 MR B~ 4 B BcnpE RO
BoSHHALRTAREE Y URE VIR b SR R T 25

r 3 PW
Vpe T ) T

tdelay / / \tdelay B
74 y———t
Read Read

B 3-2 Read-After-Write & iBl4 2|7 % B °

33REEZE RIS
331 BENFIEETIHI T HM (GAAFeFET)
& &t g Single-HZO £ TiN-DHZO & & GAA %437 B » *% e 5 & if
7 chiread-after-write (7 5 > BREE R TR TP ERAART AFL 4 o 2
PR SRS EE T LR DB
B 3-3 2% 3-4 4% 5 HE 15nm HZO 2 GAA FeFET =~ # & PW % 100 pus
22 10ns B » " BFT e Ip-Vo#EEMH & 2 - 3% 100us i 2T » 7 )\ﬁi’#“ffiﬁf iFis 2
Vs F P, Rt oRRTEFRT A5 & 10ns @%EFT >
PE Jfeen Vrikprfizd 1 £ > Eafﬁ%ﬁa@“‘{ﬁj BT RN R AR KR
THRFTERS  ERFPJETE T o 2 %% %% Single-HZO »t 5 & B »
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i T % AP &g read-after-write 4% T+ A E o

Bl 3-5 22 @) 3-6 5 TiN-DHZO 2. GAA FeFET ~ i* 4 fp e #% brifE 2 T 2_p| &
% o 4p >t Single-HZO » TiIN-DHZO % PW 5 100 ps £ 10ns 4k i€ 7 ¢ 7 ‘3%
Rz Viaht o BT Fa BrdEi kol - RELETE -
riFEV Eﬁ?fﬂ%:‘ TiN interlayer #77; % 2_ & HZO S 2 & + 7 & 5 & 2L 4%
oM I N IRTHA G KRS TR A 10ns BT T
RAE S BARC D R P ERZBATRES R o fpFoT E g HZO
PR IR T REE R SR o R L R B § R D S L

1R -

4

AEREP > TIN-DHZO SH33# 8 ~ 3 (v 7 L p AT RA > i § s f

read-after-write 45 3% {7 % > % & “ FeFET & 22214k (F7 L& 07 784 Kok -
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Bl 3-3 Single-HZO %

2.5

Bl 3-4 Single-HZO %

-Single-HZO

r high-Vo Y% :.5v:O

PW =100 us

neg

P P P P A Y Y P Y —"

10® 10° 10” 10 10° 10°
Delay Time, tdelay (s)

LSingle-HZO PW = 10ns
Iow V =-5V
:-|~.'*D
hlgh VT
i vV, =5V <—O°

P P P P A Y Y P Y —"

10° 10° 10” 10 10° 10°
Delay Time, Cietay (s)

29

+ PW=100 ps T 7 read-after-write °

* PW=10 ns T #rread-after-write °



TIN-DHZO PW =100 us
high-V
2.0 L .\g.’.l./._.\./.—.ﬁ.
V =-bV
neg
- 1.5}
& V.. =5V
> 1.0}
0.5
Iow—VT

B 3-5 TIN-DHZO % PW=100 ps T 7 read-after-write °

B 3-6 TIN-DHZO # PW=10 ns T & read-after-write °

P P P P A Y Y P Y —"

10® 10° 10” 10 10° 10°
Delay Time, Cietay (s)

FTIN-DHZO PW = 10ns

P O P P R R P P Y —"

10° 10° 10” 10 10° 10°
Delay Time, Cietay (s)
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3.4 &

~ & 44+ GAAFeFET ~ 23t 8 » {83 B~ (read-after-write ) {5 2 e BAR T 4%
TR TR AT 0 F B2 % AT Single-HZO Ag # " (10ns) & (¥ %
MM PEER -VIRIEZREIRE HPEB > 2EARHETH oM
TiN-DHZO %’}# EARRE IEET v MR TP Ip-Vo A RE 5%;9,“?57VT WA

Bzt ﬁﬂ % & o read-after-write & T |2 o

,
e

P EET S GAA BHEY THA G E ISR H 2T o d 5 GAA Bie
P EAIET FH Comer A 2 & 7 % > Single-HZO A2 % % 224 T3

&
=
=N

g s @ AR 7 % (Dead Zone) I A 4 < £ KA o

B
r

flm
F}.

|

B WARRTNFERAFERT > L 2 E S VIESERART R

|

B 3-7 & 7 Single-HZO £ TiN-DHZO 51> GAA B9 2 T H 4 7 &
B o B ¥ &or TN » B ¥ 5 »ch jrdr 2 4 Corner thik ¥ £ 5> T84 T4
Wt R MR PR s T B IR Trapping 2 4R 1Y 7 % 2 AL 4L BHER
LR ERTHE T TRBTE 2RI g AR AR
FEEE NG FR D EREET AR B 2 e F[25] EMBRZ B B4R

CEEA R AL e

Single-HZO TiN-DHZO

AL

\\llll!/
Sy

—»Sl::

_..SI..._
SIAD

//'“\\ I

Bl 3-7 Single-HZO £ TiN-DHZO 1> GAA ~# p R F4 7 LR °
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Yr¥ STEB IR (FeRAM)ZL i
(Imprint) i 3 ¥ 3¢

41§ h

FeRAM 518 & 3 i ~ 24405 22 o J % gl 150 & 5 0 &) s grsp

\,

R ER DL R EE[12] A0 AEPFFHEITSFEERT ' FeRAM ~ 2 4 B

%3] P-E &7 0 S enff #hip R % o A3 o Imprint s i[14] o 2 IR % BT 1R

CEEE GO HHEEERE > TRE RS BB Y TR A R E
PRy a2 a16] -

P ¥ Imprint 03 JRfE R+ BF 3 O A e F- iR d TR
THRAG KBTI DGR USRI &R AL - BRrETH
(Emp)e B % b Bojddt 5 s (R 2 % o | BF ¢ PrdiR it £ 3> B¢ ~ 2 08
v AFEF TR R 0 B ERP-EAFY A TR RIRA[14] ¥ KR
B AL F M FEEST Vora @RT I L@ LR E Voo o
HERICBRELER > w Ao Ao 22 hap T3 T g SRt F &
et w SR RE[16] -

AR P A L R R A 2 TS EET HALA G
M ERRI o2 HF I R ETRER ER A TR o M R
t2eApF i@ EmpRlI/RA ARTFAG P HAKECREER 25 2 F 3 %
LR E O RAINBEARY VAN RH IR F I AR A o

5 0F » #F 3¢ Imprint L % > FeRAM & 79 ch& R F L 7 5 > A% 2 MFM
B AHD K GFIR B AR EHETTER BT LRSS
(Frequency Dependence of Imprint) & % ¥]i& {7 & 47 > %ﬁ iz = FeRAM 9 2%

TR A

32



4.2 B

& 3= (Imprint) § %K 3+

421 EPRB - 4N E-B1525A
rEF AT

5> E

“~

L

BIS2SA 3 2 BRA A2 1

% % Keysight BIS00A % #c~ 7 R 45 fie ¥

7 I N
¥ /p/ 8 ~ (High Voltage Semiconductor Pulse Generator
Unit, HV-SPGU ) 3% & $L 55 & % 3k 1% c5 EasyEXPERT #2.3% £ § 3 3 30 28 4 -
RZE* et~ 29 2 Rirh » 2 B 2307

BI1525A ficke

EHH40V rﬂ%ﬂ? @%

1 ‘s
=0

o 4
( Arbitrary Linear Waveform Generation, ALWG )
|3 * 3

PV RAEELAMLLE A
-y

Frulif N HEER e R84k (TP ¢ Preset ~ Program ¥ Erase % "% fF 5 7] o 5 iF H 2

B 4

_,_

T‘Id:] ( Tri- state Operatlon )
AT AR

FAER AR D RF oA

ook BIS25A ¥ 45 fie BISOOA A 8387 5 id g e f B> ¥ £ % & WGFMU

( Waveform Generator/Fast Measurement Unit ) 4p % g 353K 3474 i »
JTRRER SRR RS AR B FFETARE 10ns HREF RT
MHz > it 533§ P 2 €47 12

R PFHER ET o

-
5

] ;—r_!— =l
B (T X AT 2

422 R=%pI

Imprint 7 1+ &
» 33t FeRAM ~ & ¢ calmprint (7 5 > 27 7 &K
AR & 7 = A B PEE T Wake-up f& it ST
P-E loop & iF]

o 14
Bl 4-1 %57 5 AR E

7

“~

- BB ITEER

2 (Baking ) 0 14 %
oAt £ FiR S (PP
FEP§T ) oA AR ¥ B2 iTiEE > % Imprint /A > e B iR R 2 £ B
Wake-up FEf 5 L& i % 14 4 iF > & * Radiant BT 5
BC (GEL % 2228 ) SEF REREIRESIE T EEY AR 2 Digit
BE BERLBETEEER

P 2= 2. Recovery
RISHALAE o 3% 45 3¢ g2 P-Eloop & **

FREET A
33



%% Wake-up {6 » B~ 23554 Hw " Brl B 23 dmit > v (PiPF & PEp
T ) RSB IT R R A (RdF 2 S BUJE (Baking ) BT R TY B B R
BB TRFOTE > THEFREE A g A2 Imprint (75 o AT R AR
AREEFEFET SEFHBAGT RO > B S P-EER HEER
FHUEL AR o LA BAPFRFER S 0205122 3(ks)» I35 Ff
Bis > e i7AEF 5 lkHz #5272  P-Eloop £ > » 3= P-E B 2. R &
R EEE PR A THFLRSTLEBHEEE ST mETmREL
Imprint {7 3 5 B - ~ 2303 FiHHR Y EH Rl s o

% SeBPFEC BRI Y N FIEBRE Y EF ¢ 7T iRk iFE P-ER
R %ﬁ'lﬁféﬁ’?# R REE R ER TSR -

T UK ek TE kA % 154 Keysight BI525A HV-SPGU #2388 # 17 » #pe
EasyEXPERT it %8 34 4727% 672 (5, B2 15 2 » P-E loop & /P * Radiant Precision
Premier Il )& 3% =& o & 1% {8 2 4e #4 /&2 | EVERBEING HT-200 3] #t 4c T

(Hot Chuck ) #5fedF 4~ % SLi8 (7 » 4ol 4-2 #1777 S FH T3P L e fl& + o
HiE PID R e B AR R > miFR TP FHAiE2E £ 2 > %2 Imprint
FRHRZBEmPEERE - S FERRp EFERE FHA IR ABER (5

431 %) 24Tk ERE (% 4325 ) ¥ Imprint 7 5 2 §2 58 -

34



Vv 1 Wake-up
PG
oV Baking I//I .t
V |_”_| Pf\_/ P-E measure
ER
\'

Vv 1 Wake-up

PG

ov ” ” P‘/_\ Baking V/I >t
Y, P-E measure
ER

B 4-1 trze (Imprint) 57 Sk (T 7)1 LW

35



AIRFHEFEHB

431 ‘EAR%e i (Imprint) Hf

L 4F 33 (I8 B FeRAM = i Imprint 3 % 32 8 > A5 A 8] 25°C ~
55°C &2 85°C = fif 12T » 2 (7 F T & it = & 3 (7 {5 chde #4&I2 (Baking) » ¥
BEHPEYRTEFR2ZBBAR S PIREFE R Y a2 2 5 24
VEH S B PFRF (0-05~1~2~3ks) &8P P-E & 2 > » 47 Imprint 5L pF & &2 8

2o AR o PIFEAE 2 BT A LR FES 10nm 'l#k“ﬁ?&&%qla‘é °

A 25°C %™ » %4 f Baking BFF T eh P-E & 54 4-3 #r77 > 3> 0 X 3ks
PR AR RPERTRBS 0 Bt X 2T Imprint iR HEF 0 KA
HMEAMAGAaPZTHLF 50 LPrd) 7 6 MR L s S Rh 2
FHEFL od B A3 PN MER L 3ks FZ P I EPH THITLEE
EHorB447 FTAEPERB e R A EA P 2T I R
Witk g BT A IR R A

FEARED T S5°CoP-E v RB b RPF AP ik AR % 0 doB] 4-5 47T o

WA HA S e R 25°CC TP A R Y B AR C ROUER A B A 74

o4

AR En EH R BB RIEGREZ P E T H e A 3ks 1T B
FIZPP e Py it EE HPEYRBS S » LG (0B 4-6)
Mrp2Ld el 3 wdahl o S8 7R 2 25Rp fAet BRI S
b'ﬁrggfgﬁo

h 85°C 5T » MBIk A E > 4rBl 47 #m 0 W 05ks S TR
TP EY RGBS I 3ksPFRBEEER L S SRET EE TN B
T s Vo s BRAE P INPEE 2 O Z T H By o 1
Imprint >l A ff c $HR2Z PP T E P T HEILE 48 B TE- Hx
Ao RB I EBECREE SR B P ETH AR R AT A2k

p A o

36



Bz BRRFEET P-EV RGBS EFRR A o VG R RS
Hip#ARF AR B > ¥ 4p e Baking BT B £ 75 { * > “L& &7 Imprint 22l
FERBLER B -QELITEFPEE TS 3806 % 5 A B
AEOFERAR Y O REE A G I P MDA AN F 2 o Poo LI
% 22 Pramoda @ Fj 443t Retention HA 2 KA (75 2B R R R TRRZRE S - R
[14] -
Femg o AEFHREFETFT FeRAM ~ 2 ¢ chImprint 7 5 & 3 P 3 g
BRI hASAZR R (TR R Y Baking BFRF L 2 A s o Bom R ES §
ZAAE A L 3 EEEI[14,16]c HiRBMA T E T LS A EAP R By

LB EHEERBET RN P L FhuTE o

37



30} Area:10“cm?
Temp:25C

)

2
BN
© o O

Polarization (uC/cm

3 2 -1 0 1 2 33 -2 -1 0 1 2 3
Voltage (V) Voltage (V)

B 4-325°CT P-Ew 53t % ¢ Baking FF ¥ (0~3ks) 2. 8% - Z B 5 P3Pt 3%

T+ Fls P THhiv

30} Baking after 3ks

®

)

2
)
o

Polarization (uC/cm
N e =
o O o o

w
o

3 -2 -1 0 1 2 3
Voltage (V)

B 4-425C T it > 2 (T > 2> 3ks 5 ¥ 2 P-E & &L fie o

38



30 | Area:10“cm
r Temp:55°C

2
)

X

o

Polarization (uC/cm

3 2 1 0 1 2 33 -2 1 0 1 2 3
Voltage (V) Voltage (V)

Bl 4-555C™ P-E & &%t 7 f Baking ¥ (0~3ks) 2 4% - =Rl 5 P ip } 3%
e W5 P TR

30} Baking after 3ks

)

2
=N
o O

Polarization (uC/cm
o

3 2 -1 0 1 2 3
Voltage (V)

B 4-655CTiRit = v ik it > > 3ks {6 ¥ B2 P-E o &t g o

39



30 L Area:10*cm
r Temp:25°C

N = - N
© © ©o o o

&
o

Polarization (pCIcmz)

3 2 4 0 1 2 33 2 4 0 1 2 3
Voltage (V) Voltage (V)

Bl 4-785C™ P-E & s 7 I Baking ¥ ¥ (0~3ks) 2 48% - =W = P it 4%
T - W5 Py THRE-

30 | Baking after 3ks
~" 20|
s 20
310-
< ol
s |
:E-HJ-
N ‘
57200
o 30}

3 2 1 0 1 2 3
Voltage (V)

B 4-885CTimit * B4 it » 3t 3ks S ¥ /2 P-E o &t fie o

40



| —8—25°C  Thickness:10nm
0.8 L —=—55°C Area:10“cm’
| —m— 85°C

Vc Shfit (V)
o o
B o

o
N
—

0.0
0.0

Vc Shfit (V)

_1 0 L 1 1 . .
3x10

0 1x10°  2x10°
Storage Time (s)
B 4-945T & 5 & 10nm 27 FE &R (25C ~55C ~85C) T2 R %t 2
Ve iz# o

41



432 EARHE33 (Imprint) 58

SEFEHMT AR B Y Imprint 75 2 B8 XS R=ZFEFFE R
FeRAM =~ (10nm > 8nm ¥ 6nm) * 4k F (FiE 2 T P-Ed BB 7 5 o
BRERF R E R Y AR AR AR A FIE R RO I RBIFEEERDE
MR G V=Exd> FIrHREW%ETRA~B 5 30V24VE 18V

A 10nm ~#Z ¢ (B 4-102 8 4-11) & 5 P3P T2 P3gp tHFivis » P-E
WA 4 500 s (ST NP A B A 3ks EFETHRBECETEET O ET
Imprint > -3 3 4 - 8nm 5 (B 4-12 2B 4-13) 82287 R AR AR% > v
A5 AR PR R > PR RIE R o 2 6nm & (B 4-14 2R 4-15)
T A 3ks o W RBAE PIRE F L T IRP A Imprint Frf] 7 5 o

3 B BB 46 52 3ks T 2 P-E 4 100 o Bl 4-16 S 0 A S o AR

- ROBHAPETHF Em )R B S - R P ERMETH AL

W
v

izl
S HAE R o FHA T o BRARS e e TRARE 0 NG B LI FETH
WARTEEZ M ERTFAE - EREFEEI RO RPFL B RS TT
NRRE IR EITAGEMEREL Voo o iga @ P ETH LA o 1945 Tagantsev
B FfAraE 2 2 73 ~ #3[26] 0 Imprint 22/ d 7 %71 » & + I Passive Layer 31 % >
HE 59T B3 RAatR ; Fengler ﬁﬁ]%”iﬁ M G PR By 2 AR T AR

FEAREMES T ALT ARMB[IS]- ZMHQ‘._“%%—,@?‘E’H&%‘L— R REER

"

RIg i Imprint (75 %2 hp RHRRFAE B E ARG IZ 2 P
SFH AT BT A G R ¥ Imprint 2oL F P BRI 5 (40 10nm)
T AERE AR T A LN AL B RS L EEES LA R

B R EFE TR E L ERFRIEMLFTL AARZ RRBMR Y > 0
WRRBMFTARZ BTk EE B8R 4T o

42



30 |} Thickness:10nm
t Area:10cm’

Polarization (pCIcmz)

3 2 1 0 1 2 33 -2 1 0 1 2 3
Voltage (V) Voltage (V)

B 4-10 4T % & & 10nm 2. P-E & %>t 7 = Baking FF ¥ (0~3ks) 2 48% - 2
Bl=Pip @it +HB P THIF

30} Baking after 3ks

®

)

2
=N
o o O

Polarization (uC/cm
|_\
o

3 -2 -1 0 1 2 3
Voltage (V)

B 4-11 v 48T & 5 A 10nm S > wfeivis > 2> 3ks pF2. P-E o S % L o

43



30 | Thickness:8nm
N 20 t Area:10cm’
§
'-6 10F
=
c O
(o)
=-10}
©
N
5207
s -30}
-2 -1 0 1 2 -2 -1 0 1 2
Voltage (V) Voltage (V)

B 4-12 47 % & A& 8nm 2 P-E & 5>t 7 | Baking R (0~3ks) z 48% - %
B PHLBEE> RS PITHic

30} Baking after 3ks

®

)

2
=N
o o O

Polarization (uC/cm
|_\
o

-2 -1 0 1
Voltage (V)

N E

Bl 4-13 »“FUET K B & 8nm & 2 ek (F18 > 2 3ks PR P-Ew B o

44



30 | Thickness:6nm B
N 20 t Area:10cm’
&
'-6 10F B
=
g (1 3 R
=-10F - —0s
.E 20 — ), 5KS|
=R i - —1KS
% [ —2kS
o -30F i e 3KS
-1 0 1 -1 0 1
Voltage (V) Voltage (V)

B 4-14 47 % & A& 6nm 2 P-E & 5>t 7 | Baking R (0~3ks) z 4% - =
B PHLBEE> RS PITHic

W
o

- Baking after 3ks

®

)

2
=N
o o O

Polarization (uC/cm
|_\
o

Voltage (V)

Bl 4-15 »“ FUET K B & onm Si& 1 2 ek (F18 > 2 3ks PR P-Ew B o

45



| —a— {10nm Heating Temp.:55C
. - 2
—=—8nm Area:1.0E-4 cm
>
E
S 0.2}
3]
>
0.0}
00}
_+_ ___.
S -0.2}
&=
=
n
>
04}
1

0 1x10°  2x10° 3x10°
Storage Time (s)
B 4-16 2 F4BTEEAR (6-8~10nm) & 55CRET > "EEF R 2 Veix

#5 e

46



433 * F#EF T 2 Endurance ¥ 53 (Imprint) B85

2 2025 VLSI Symposium % # 2. Micron 3£ £ ¢ [27] > (£ 4 IR 5 1
SEAERITIEFE g AR P A MR TR T > F] Cycling #c
P4 B2 THE WREETRAMP B eid o AT E R UEN KT BAES
Sl (TR RBRFEAEN N RT 2 ARFER

AFHA I 2 R EFR (Cycle Time) 2 #% % £ » & %) 5 3us~3ms
20350 5T Rl Y MAFE3V LR A ) DHHER R & f R o B85 Delay
Time 5|7 FAEF > 27t A RPliFE o =2 BRA IEE 2 WA A7 L 4cB 4-17
r:’l-i-ﬂ- o

Flepteit @ (£Pr) "ERTR =T Bz 1 4Bl 4-18 77 - BER S 1= 2F

I

B i 5% S A 8 i Wake-up {7 5 0 {8 iR brie ~ Fatigue [F £ 0 e £ B Ap ¥t
Lo 4o@] 4-19 9o 2 2P v Bl o B - HRAP E-PAPRE N LB Bt B A
A FHET 0 vafb i Cycle 5 High Frequency © » 2.4 & S8 ILP B f i # >
4§ 4-20(a) - 22 B 4-20(b)#77+ Imprint 7= & B+P, 2 -P, ¥ e pFT 2 (75 4p ¢t o 2
HRIVR FI S A BB T L RO ER (7 Ve Veg) B0 2 g4
2 4 &2 Delay Time » ¥ v #HRAE M & A = 2% AT 5| T 2 T - 3
Boom Aty > K& f (Vpg — VEr) 2 B 4E » 7 P & <0 Delay Time » 54
R APERF & Dipole % 2 22483 ) 4R 1 & v 2RSS E 2 o 17
HEAVERIPRRES §7 > Jd 3L A EHEF A - HA)p
=7 ¥ 0 ¢ Imprint A5 ey o

P AEE TR FRETRE > B 2 05CRFREKTA R T A
ERIALFEABRBEEFS I LR AP A - WA 2 > F TSI HE

Uf’rp,,_.,ﬁ"‘ fgs’lélﬁa%}ﬂig'étrg/&/Pljpé‘b%”%.iﬁﬁﬁ%#%ljO

47



100ms LF

Ve
1 1ms
PW
Vee 100ms
1ms
ov tdelay
tdelay
\ / 1ms
Ver 100ms \ /
Ims
100ms LF
B 4-17 #2357 2 B °
20 | High Frequency
1ot
§ of
Q I
=
10
o
20
20| Medium Frequency
_10
§ o
Q I
=
10
o
=20 |
20} Low Frequency
10}
§ of
Q I
=
10 |-
o
=20 |
10" 10° 10° 10" 10

Bl 4-18 7 A S pF R T PR TR ez R0

Cycles

48

Read



—s— HF

—a— MF

30} —s— | F
&
-
(&)
S~~~
@)
2
o
(Q\

20}

1

10 10° 10° 10’
Cycles

Bl 4-19 7 AR BERE T 2P S it b gl o

(b)

P rF 3
+P,
E
-Pr
_2_0 avond vovend vl oo vovel voveed vl ool vvved vl
10" 10" 10° 10° 10" 10°
Cycles

B 4-20 (a)7* P HE F PEFRF T AP % it vt fi(b)Imprint 7 & B8] °

49



4.4 ) %

A BB At 9 % 0 4721 FeRAM = % ¢ Imprint »c i 584 (715 i
R TLE AT o Ry - RTINS TRAAMIES B RS SR
B G A LE D B RS N 2 R ATR B R P R Rl A
R S T s I[15, 16] o

BRGNS G FHRBEERDPEY RBHBESRERL A e F S

Br e Bl R BA L ERLE ¢ F AR R 2 F 2R R

3

v REEFBP B Bt w e BRERE S F > LS - F 473 Imprint 5
Bt ERPNETHAL TRYE A LN ETH[16] 2 PH P HTHE
Errid S L R A > T BRI A S XS e g

W RRAEMEINS A R ERFRAPE R FIFTT > REREIAPR BT
BT R E-REPREZ RS TE o IRk AT Imprint >0 7 58 3 35 & 4p
Mo BT RTAGARTF A BEEE LR F BN o 5L

BhieH REBTAEITRITIRERT F A E g fadE g 3
R AT > & Bmp { B, ¥ fET4& 1 K L [15, 26] -

gt H i H R 3k 1T 2. Endurance B3 0 BT B AR (T T LR TR P
B2 AT A dRIRI e s A B o e IR S AL T A e P 2t B AR
TT R 2 B FARR 27 Er PSR DS TR R
ERat A d F ARl o DR H IR ETELRGFBIIZE -

BoaZd o AR FHRESFFHFEY-F 7 H D2 Imprint F2ER - & F R
R AR A T4 M2 RRSS T Gk et BB TS FE L o B s
L FHEF Imprint 2+ ch 5 £ R F] > 75 p BERAEBT e RBE R4

ALt 3

50



I RBEAREY

5.1 % %

AETERENT IR ERIGET A BT R A E 2T HEREE S 2w
FeFET ! FeRAM & $f HiFsd H & f Wk 77 2 7 LA T R g 22 is 4] 7
FTHROEM L X gD A e g A -

# FeFET R4 » 3 B gL 7| ~ £ " read-after-write 3% (¥ » 2 7 BREPF
AR REER SRR FRR R SAITI T LRI A e L RS
LI EHRPE B AT BRFRT A ZREF o St R AT R R

HZO # TiN (TiN-DHZO) %4 > #d 3 F+ T & H

N
@)
(\x
NS
-
beit
=h
2N
b
b
\_.
=
v
A
AR

FHE O A H R IBFLIERERT ORISR AFEFRET Y

% FeRAM R4 > i~ & 7| 4e £ %45 7 %473 Imprint 7 5 2§ R E 5 R
A RRN TGS EEEAL B R R R e n E L DT BB A
HEARN D e gl BB G M R R REPN D H R R ER
Falt s g a5 Mo T2 A 22 SRt iR R - #/sﬁo?f"w;pm%s— |

H

At AR - R Imprint Yol s ST RAE T S A H o 1R R

s

TP EIFREL gt PRI PAE S 2 (Fi8 7 Endurance Bl3E > H P 3
BTN E PR AR B > AT Imprint SRV L XA F P B
FeFET ¥2 FeRAM ~ i "’“}?2 o AT AT S K ﬂ TERRFRAEER IR &
FRE RN A SRR o

FeEmz o MTHRBELTFIERERINE B

"EI

‘gm
r
o

sy
i
—
T
=
o

=
>
<
P

fvefr s 4] T u R D E .—é;f#_t&%_l,_?*gf%’n/}_ji;g%,’%z&iféigi%—%}‘24; » T I L

ARFHRE  FRUHB TR AR L 55 R -

51



52 A kB ¥

AR 4% FeFET & FeRAM hv LB R MEF4~H 3 » 63 $ 78
G EEENEL o

B FeFET 84 > ARV M EFEAK L T HZOh BB 6] 2 {47 F £
P BAMM 2 WL R B F T asRALT 1 0 & Hh A1 H e
L e B (7 L B e e RS T UL W ORR T PR R B B T
B T 0 2 2 I %= B hread-after-write i3 o

& FERAM R4 » 57 mR 3 { £ BFF /B iR4FF % > L% Imprint <
s ¥2 Retention iy #% 2 B e B - = 7 & W3 % PW & Delay Time » % i ¥ (47
FHE g P o bt o T U B PIE AR RS A FIEET HP-E
WA E e R REREY TR

A 2 ARTESHERFERFEEI 2 FFRE > BABT R

52



[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

References

S. Slesazeck, U. Schroeder, and T. Mikolajick, "Embedding hafnium oxide
based FeFETs in the memory landscape," in 2018 International Conference on
IC Design & Technology (ICICDT), 2018: IEEE, pp. 121-124.

I. H. Lone, J. Aslam, N. R. Radwan, A. H. Bashal, A. F. Ajlouni, and A.
Akhter, "Multiferroic ABO 3 transition metal Oxides: A rare interaction of
ferroelectricity and magnetism," Nanoscale research letters, vol. 14, pp. 1-12,
2019.

J. Valasek, "Piezo-electric and allied phenomena in Rochelle salt," Physical
review, vol. 17, no. 4, p. 475, 1921.

J. Miiller, P. Polakowski, S. Mueller, and T. Mikolajick, "Ferroelectric hafnium
oxide based materials and devices: Assessment of current status and future
prospects," ECS Journal of Solid State Science and Technology, vol. 4, no. 5,
p- N30, 2015.

T. Boscke, J. Miiller, D. Briduhaus, U. Schroder, and U. Béttger,
"Ferroelectricity in hafnium oxide thin films," Applied Physics Letters, vol.
99, no. 10, 2011.

T. Boscke et al., "Phase transitions in ferroelectric silicon doped hathium
oxide," Applied Physics Letters, vol. 99, no. 11, 2011.

J. Miiller et al., "Ferroelectric Zr0. SHf0. 502 thin films for nonvolatile
memory applications," Applied Physics Letters, vol. 99, no. 11, 2011.

A. Chernikova, D. Kuzmichev, D. Negrov, M. Kozodaev, S. Polyakov, and A.
Markeev, "Ferroelectric properties of full plasma-enhanced ALD TiN/La:
HfO2/TiN stacks," Applied Physics Letters, vol. 108, no. 24, 2016.

J. Muller et al., "Ferroelectricity in simple binary ZrO2 and HfO2," Nano
letters, vol. 12, no. 8, pp. 4318-4323, 2012.

S. Mueller, S. Slesazeck, T. Mikolajick, J. Miiller, P. Polakowski, and S.
Flachowsky, "Next-generation ferroelectric memories based on FE-HfO 2," in
2015 Joint IEEE International Symposium on the Applications of Ferroelectric
(ISAF), International Symposium on Integrated Functionalities (ISIF), and
Piezoelectric Force Microscopy Workshop (PFM), 2015: IEEE, pp. 233-236.

S.-C. Chang et al., "FeRAM using anti-ferroelectric capacitors for high-speed
and high-density embedded memory," in 2021 IEEE International Electron
Devices Meeting (IEDM), 2021: IEEE, pp. 33.2. 1-33.2. 4.

H. Ishiwara, "Ferroelectric random access memories," Journal of nanoscience
and nanotechnology, vol. 12, no. 10, pp. 7619-7627, 2012.

C.-Y. Liao et al., "Mechanisms of instability retention for ferroelectric field

53



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

effect transistors with HfZrO2 gate stack scaling down," Applied Physics
Letters, vol. 121, no. 25, 2022.

P. Vishnumurthy, R. Alcala, T. Mikolajick, U. Schroeder, L. A. Antunes, and
A. Kersch, "Ferroelectric HfO2-based capacitors for FERAM: Reliability from
field cycling endurance to retention," in 2024 IEEE International Reliability
Physics Symposium (IRPS), 2024: 1IEEE, pp. 1-10.

F. Fengler, M. Hoffmann, S. Slesazeck, T. Mikolajick, and U. Schroeder, "On
the relationship between field cycling and imprint in ferroelectric Hf0. 5Zr0.
502," Journal of Applied Physics, vol. 123, no. 20, 2018.

P. Yuan et al., "Microscopic mechanism of imprint in hafthium oxide-based
ferroelectrics," Nano Research, vol. 15, no. 4, pp. 3667-3674, 2022.

M. Pesi¢ and L. Larcher, "Modeling of Field Cycling Behavior of Ferroelectric
Hafnia-Based Capacitors," in Ferroelectricity in Doped Hafnium Oxide:
Materials, Properties and Devices: Elsevier, 2019, pp. 399-411.

D. Kleimaier et al., "Demonstration of a p-type ferroelectric FET with
immediate read-after-write capability," IEEE Electron Device Letters, vol. 42,
no. 12, pp. 1774-1777, 2021.

"Premier II Ferroelectric Test System Brochure," pp. 1-2.

"Keysight Technologies BIS00A Semiconductor Device Analyzer," pp. 1,4-
2,32.

"KeysightTechnologies B1530A Waveform Generator/ Fast Measurement
Unit," pp. 1,5-2,12.

M. Hoffmann et al., "Fast read-after-write and depolarization fields in high
endurance n-type ferroelectric FETs," IEEE Electron Device Letters, vol. 43,
no. 5, pp. 717-720, 2022.

X. Jia, J. Xiang, H. Xu, W. Liu, X. Wang, and W. Wang, "Depolarization field
in FeFET considering minor loop operation and charge trapping," IEEE
Transactions on Electron Devices, vol. 69, no. 5, pp. 2711-2717, 2022.

S.-C. Yan et al., "High speed and large memory window ferroelectric HfZrO:
finfet for high-density nonvolatile memory," IEEE Electron Device Letters,
vol. 42, no. 9, pp. 1307-1310, 2021.

C.-Y. Liao et al., "Endurance> 10 11 cycling of 3D GAA nanosheet
ferroelectric FET with stacked HfZrO 2 to homogenize corner field toward
mitigate dead zone for high-density eNVM," in 2022 IEEE Symposium on
VLSI Technology and Circuits (VLSI Technology and Circuits), 2022: 1EEE,
pp- 1-2.

A. K. Tagantsev, I. Stolichnov, N. Setter, and J. S. Cross, "Nature of nonlinear

imprint in ferroelectric films and long-term prediction of polarization loss in

54



ferroelectric memories," Journal of Applied Physics, vol. 96, no. 11, pp. 6616-
6623, 2004.

[27] A. C.A. Calderoni, D. P. Ettisserry, A. Liao, M. Balakrishnan, M. Hollander,
M. Mariani, K. Karda, M. Jerry, M. Fischer, D. Mills, B. Cook, S. Chhajed, J.
Zahurak, N. Ramaswamy, "Voltage Reduction (1.4V) and Array Scaling
(41nm) of Ferroelectric NVDRAM for Low-Power and High-Density
Applications," 2025 Symposium on VLSI Technology and Circuits Digest of
Technical Papers, pp. 1-3, 2025.

55



Publications

P g

1. G.-L. Liu, C.-Y. Lee, C.-C. Cheng, M. Januar, N.-F Chiu, and M.-H. Lee*,
“Read-After-Write Improvement of GAA FeFETs by a TiN-Inserted Double
Ferroelectric HfZrO2 Gate Stack, ” BB11400031, 2025 SNDCT, Hsinchu,

Taiwan, May 27-28, 2025.

56



