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Abstract

Ferroelectric field-effect transistors (FeFETs) are promising for emerging memory
technologies, but reducing write voltage and increasing the memory window are vital
challenges. Previous research suggests enhancing the memory window by connecting a
ferroelectric capacitor with a MOSFET device, adjusting the area ratio of the ferroelectric
layer to the MOSFET, and using high-k dielectric constant spacer materials. However,
the optimization of the area ratio has rarely been examined. This thesis investigates the
optimized area ratio (ferroelectric layer to MOS) to achieve the optimized memory
window (MW) under various write voltages, ferroelectric parameters, and spacer
materials. We use an equivalent capacitance model to explain the results. Finally, this
thesis investigates the effects of different area ratios and spacer materials on write
disturbance in FeFET arrays.

First, we investigated the relationship between the optimized area ratio (AR*) and
the optimized memory window (MW*) of FeFETs with Si3N4 as the spacer material under
different write voltages, remanent polarization (P;), and coercive fields (Ec). We found
that the optimized area ratio increases with the rise in write voltage. Additionally, we
discovered that at a high write voltage (4.5 V), some ferroelectric parameters have an
AR* =1, indicating that reducing the area ratio does not necessarily increase the memory
window. Through analysis of the impact of different ferroelectric parameters and area
ratios on the optimized memory window of FeFETs, this research found that at a low
write voltage of 2 V, FeFETs exhibit the largest optimized memory window of 0.89 V
with a remanent polarization of 15 pC/cm? and a coercive field of 1.2 MV/cm.

This study further investigates how different spacer materials affect the optimized

memory window of FeFET at a remanent polarization of 15 nC/cm?, a coercive field of

doi:10.6342/NTU202403826



1.2 MV/cm, and a write voltage of 2 V. We found that FeFET with high-k dielectric
constant spacer (k = 30) have a larger memory window at AR = 1 compared to air spacer.
However, at AR = 0.1, FeFET with air spacer (k = 1) shows a larger memory window.
The optimized memory window for FeFET with air spacer is 0.95 V.

The study concludes by examining the impact of write disturbance on a FeFET array
with a remanent polarization of 15 pC/cm?, a coercive field of 1.2 MV/cm, and a write
voltage of 2 V. We found that reducing the area ratio or using a high-k dielectric constant
spacer can lessen the write disturbance. However, high-k dielectric spacer increases total
capacitance and reduces speed, so the preferred solution is to use an air spacer and reduce
AR. Compared to a baseline FeFET memory with SizN4 spacer and AR = 1, the optimized
memory window for FeFET with air spacer is 0.74 V, a 450% improvement over the
baseline's 0.13 V. The results indicate that reducing AR can improve MW in low-power

FeFETs and enhance immunity to write disturbances in array applications.

Keywords: FeFET, low-power, memory window, spacer, write disturbance
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P/ (uClcm?)
P_;-_\""—. m——

-

Ec. E / (MV/cm)

remanent polarization 2Py = |P | + |F’ |

P. coercive field E; = 0.5 ( | E.. | + | Exl) |

B 1.3 487 PV EHME P47 % AT FH “,fn s TRt 0@ Eo B

T A TR ko T H5) -
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1.2.3 45T e hWALs

AP BT R LA 2 EAs W TR e R
(FERAM) ~ 4 & H->c T & R (FeFET) ~ 45 % 3 "% (FTN[3]> 4o 1.5 %% « &M 1.5
()7 7 FeRAM % 3 &2 DRAM 2t Ap inchigtp » EE R AT 3 B9 04 T Fi
FRF BT HEA A AR R F BT R R e g
i# = L& (BitLine, BL) & B A& # T % » F]} ¥ 12 ;’”ﬁﬁ Mool e R EC S R |
erlcdh o toB] 1.5 (b)® W FeFET Rl %@ af S/ T RS8BTk » 2 Al
mFpd Bt 2o d e R R & WeoTe R TR (Threshold Voltage, Vi) o 3 B~ £
PEiE - F1S B ETRR TR R RS TR g AR T D TR A R R
Rk TR e ts B 15(0)? FTIfEd BT g > % 5 s A g B i
BRAENESAHEIG B @ @B PR R T kG 0 A

—=

&

1 o
(a) FeRAM (b) FEFET (c) FTJ
PL WL
WL 3
BL BL
o Py s| Py 5] ra
3 Pt 3| Pt 3| PH
tim; voltag; voltag’e

Bl 1.5 4% 7 ;o f847:(a)FeRAM > (b)FeFET » (c)FTJ[3] - = #8485 T e fa i v 4.3

BARAEL S e RABTIRALLE -
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1.3 4BaF»q LY
1.31 FIThE

T BT f A (FeFET) 4% J %8 52 MOSFET 14 T & H#+ 5§ T 12
BT R R TRIZLSIED BB LA RO > TROEBRE BRI R RN

S hien B TRR T R[S] 4cB 1.6 1 o 2 NMOS 5 b+ B xpF o L5

#&(Gate) &4 en & BMEFRBE A iRy #FIFB"‘ 2= HEALTF o T
HEARLSPTF T RATREAL TR aFBFFa B L PRETET

LR FNDOTIRE G AR o Flt T IR S AR R kS ETREF & FeFET ¢ b

@ 7% FeFET - & £ & iy & 5 e R AL ¥ (Memory Window, MW)» 4] 1.7
O BE A E RA AL A RN e TR RIAT IR R oo B
A% (Memory Window, MW) e 3_%& 7 5 & —*Ff gt TR A

MW = Vip, high — Vinlow
EAHMW R4 08 17 ARE B en® A 2 [ MW &t AR BRIV &
gt A BRI TiEa @ 05T | kA PR -

After positive gate pulse After negative gate pulse
(polarization down) (polarization up)

Low-V;state High-V; state

Bl 1.6 LI R HhMaed PR > eDT IR B> T RY MREE A H
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o8 2 Low-V; state
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£

igh-V; state

; >V
Vv, ¢

Bl 1.7 82522 LM RMEART  RMEART 59 Bk TR F([8] -
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132 #=HRMWHRT

L34 b 443 MFIS (Metal-Ferroelectric-Insulator-Semiconductor). 7 H 574 € 2e 1%

B HE A MW 5 [9]:

Ec\ .
MWonax = 2Ectrg (1 — e ) = 2Ecteg = 2V (1)

N

tanh(n) = * @)

HY trp s R R DER Ve BRL B - Ha T R A A RFTHE

05 T A& (~1072 pC/em?)t Pro] {5 o P e Be T LA S 5 iR R
MW 825057 % o SGE (e (Q)F 14 AR 12 % dofefm i 1 i B 2
B AR ET MW B2 BB PO 0 R TR T R R HBR

PFFLHF M L AR E AT RA RO FPRE S BF P § R
Wit P REEGOECE § R o 4oB 1.8 4757 [10] 0 ¥ 115 IR Pr=20 pC/cm?
Y Pro=5 uC/em? B 2 fs koA LRt E o FRVETBT e R kR
PEgEh it eho BRATS Y B ARA T I ARA MW 22 R4 ¥Z 8 {3
BN TR RS AR TR L R € @ TT 7 LI
i* & 4% 1747 {r 5% } (Saturation Loop) » & & 3 (% &= #§ %k (Minor Loop) » i&— # it
MW -] o @ 30 SORBR (T ey i3 £k 7 e frig ik o & 17 & MR ahif

TARA PE X H - G het MW e

E g (e} T T T T
:;D _5 _I—l " 1 1 R 1
4

< \ ' —— P =1uClem?
=

w

= _ p= 2 — p= 2
>, _E P=5uClem? P,=204Clcm
r(E‘ 2 — T T T T
L 2t =
Q t

= o ’

woo L

o -10 1 I 1 1

32 34 6 38 40
Time (ps%

Bl 18 % it Fiaimi € vs PR > 7 LB AARE S AF A 27

RA R ERF A § % [10]
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Vé
1.4 BT T oMM E g
141 #FMiEEBTH%T LMl
BT e RiEEe 3 ot Flash o MehB » TRMAV~5V) o mip$r i
A EAHE TR o e T MR ERME TR FRG - i MW
- BREL IR - 2B BT R KW 715 1L (Interfacial Layer) 4 7%

B BRAPFSSOEEREAILE Y 3G T RARDEE MW 5 g o

/\‘

E4
P
FRBrTRFEVHATRALF S > 4] LHOMW
WEFF L ARNT JY%%E’ 4v » 5% B #&(Floating Gate) 48 % & 141 2 § i K
B[] T2 AFEBTREET LA 5§ (Area Ratio, AR)k iz f MW » ¥ '3
B TR AW L9 oA T - B AT T Rl 12
THhMEA LD B 4oB 110 #r7[12] c BEEUAUET R F 2 TE F KK
BAG RELRIVERY BIPLFES[B L2 5 FREOE T

rl i‘a Sv MW o

Ferroelectric ~ iate

Substrate Substrate
(a) (b)

Bl 19 @@ R8T T Hht > b)) » ¥EFBBABITTHW > Pupd AFHBTA

gim fZ[11] °
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Bl 110 BEARUARSTLF 2 dARUATLH Fd £ pRRBILIFET T H
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142 R T HWIE 5 H M2

Folm A H 4 MW SR 4o L11(a)#777 [14] AR 2% 58T T 5 &

34
by

=h
7 W

F

H

ARG A AR CEF FABTRA NI RELEBTLL I F o m g TR

oMl i F A BR A G FARRIE R G R RAR A AR R R G AR

4o L1L(b)? hER-ERT FEECE RS HF 0§ 0 FR) I - 2B
R0 A S RGN Mw,]}z EHbem R FLT UERG A

Bh E AR & @ MW 7 i 55 % B4cF 111 (b)¢ 2 ek & o

(a) AR= Ase/ Anos (b) ' 0 -
Small AR Large AR i
E }("..l.- B

+ 1 FE .E!.TEE'=11FE 0.0 [ | . e
| - \ 6%
G R S
- §D 4l -"'-.I -"\ 4 {__2:]-
m n ==
] \- 2 D—h

||
[ |
=

Write: Large Vi Write: Small V. 7
Read : Few Quu0s Read : More Qpe AR

0.01 0.

Bl 111 ()7 F 6§80 $HA T B 8 4] chi B854 A B » P57 LU SR
CRTRTAER L (D) G A HRIETRAM % AVyos T e B

AR £ #48) F @ €50 AVyeg[14] ¢

# B 1.12 ¢ > D.Lehningeretal. [13]# R 2% F T BT MW it > A0V~
6V % FAgT B 4 » BT A PHDOEEE S > € F MW g2 4 - 26V~
2VE¢HB- BT 5 RFG PR OBEL I & F MW X7 €T R
Bidem Bdeofe A3 2V R d ST FARFER 2 MW g2 # + » & MFM
s BAeA 2 RT o LI3[I3]R A4 g2 b AR ¥ U gFRAape TRT
AR A% | $H s MW A% % » £F 2 & 10V PR B » TRT 11 I x chMW > &

12

doi:10.6342/NTU202403826



* MFM % & § J& ¢ in e - AR=0.6 £ £ hfz o

o MIRT S R AR e T ) AR T O e T

¥ O IR AR A%

BABT K TR o @ i

P

< AR B 10V M ABET A iR € & E 2N 0 do AR =1.8~29 0 Flp A ¢ )

“
o

Aok 1.12 enT

|
B ' ™ el ' : —r— ! n
1.5 a} . ép o — b:l FE SWItL‘hII'Ig Leak,age
S Vum=62V Sg0 < a0} /
- v£fo =
g 1.0 V=37V o _E 20¢F
£ _— £
g o0 I:":H:n:l:lil ] ok
£os &g ¥ 3
E ’ Eﬂn cMFhi v q ==l l
= v VMFM =
[] [ Leakage
E ‘E:, o “J—|—— w 40t v IMFH T
o v Veer = FE switching -\!;a_
e P 60}, . A h . . .
o 2 4 5] g 10 12 14 -6 -4 -2 1] 2 4 &

|Amplitude of Program/Erase Pulse| [V| (V)

B 112 ()7 F BT REeRERTEIE RBT P2 T

B FT AL A EH S MW ()3 FAET A T REET A DT

BRiE~PFE AL RBTIR[13]

MFM-Voltage Ve (V)

FHHEOE) ) TR

h
L5

1.2} p) .
E 10} FE switching & |
3 charge trapping
-§ 08} 06 1
= 06} -
= o 1.2
S04t s i L T
o Y F e
§ 02| & 2
- Sl e _g—H—H—Ht2a4
0.0} — 29
2 4 6 8 10

Amplitude of Program/Erase Pulse (V)

B 113 BIET REBHEART BB B AR) 7 115 I AR 45| MW 4%+ [13]¢
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B 40 A e AT 6 T &4 0 G Choeetal. [11]%H 114 ¢ 5 4 &5 A
** FinFET 12 %2 Nanosheet (7487 7 &4 - B 1.14 (a)* m%fﬁ{ HUBRT T 5
$AR=1 B 114(b)R| & 4e 3 58 W B4 - 45 FeM-FinFET » # AR<1
KR L15@)7 25 PR A4V B~ TR B LISOE 0 F 115 @)% 3 5
BrL e MW o R LR 4BT R G 7 1 2 4c MW o FInFET o A £ 8 = &
B ARG FUB T T 5 T 0 FInFET £ &M & L 30T 5 T &4l
KEL x> FR A r e {5 iR E A FInFET 8T & o @ A5 8-3 L 4
xR AR A2 > G Choe et al. [1171AB 1.14(c)% B 1.14 (d)E 7+ 7 1«
Nanosheet #7 i 4 7 % S48 > 2B 1.15(b)¥ 14 % I Nanosheet & & » T R i
F| 1.5V B mF 047V h MW > 48 *2 ] 1.15 (a)® Fe-FinFET % 4V & ¢h MW
B A

Fgt i@ * 55 B H&< Nanosheet 4p #2.3 Fe-FInFET { #c 3 4 B » ¥z &

¥

B i B 0k i A I~ TR % Nanosheet sk Hoif L ST F 4 4
g2 34 > 2B 1.16 ¥ G. Choe et al. [11]+* #& 7 FeM-FinFET £ 7 ¢ & #ic
Nanosheet 77 FeMFET » ¥ 12 'ﬁ IA% % & r1Nanosheet # MW » A%+ > e SSAx % »

RFIEAR ] AR A % SR E BT 0 LAFHN T WM RS
g4 AR > F)pt SS ¢ F A o ¥ - BEFLR hEA% § K 9 Nanosheet £ § 4%/]
13 4% i* H-(Depolarization Field) » FIEM AT WM 4> R T AP F B ETF A

BTG RL o en BT B IEF i R
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F 1.14 (2)Fe-FinFET > # AR=1> (b)FeM-FinFET » fd *c » %8 W & AR<1I >

(c)Fe-Nanosheet > #& FinFET ¢ 3 KB A @ H ¥ U adpF TRF { * 7 MW

=

(d)FeM-Nanosheet » #c » & fit& T ¥ 5 { + g ST F[11]-

BE SR

10+[@
210'5 1
gm'ﬁ [ ; 1
Q
g 107 | MW [V] @I=1pA /um
a 5 F[04s, 118,035
10 ”h: Fe-FINFET (x4V) 1
4 FeM-FINFET (s4v)
109 [ T‘, & FeM-FinFET (+1.5V)]
- 0 1 2 3
Voltage [V]
10 _{b) esiisiiadii AR

Em*‘r of - 4
10 ¢F £ 7
g FE
S107F /& A MW [V] @i=1pAfpm | |
(5] R R 1.03,1.32, 0.47
10} 98 5 Fe-Nanosheet (£4V) 1
o FeM-Nanosheet (14V)
10 R R FeM-Nanosheet (+1.5V)
1 0 1 2 3
Voltage [V]

B 1.15 % I & & 1 7 Ip-Vs(a)FInFET > (b)Nanosheet - Nanosheet F] & ¥ & 3 i <
DT T F 0 FRC A ISV E T RT €3 & FinFET KEx e MWI11] -
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fEI] m FeM-FinFET B 2 Manosheets
15 ® 3 Nanosheets 4 Nanosheets

1
0.5
o
Normalized AR Normalized MW Normalized 55 Normalized Edep
(B) FeM-FinFET | 2 Nanosheets | 3 Nanosheets | 4 Nanosheets
AR 0.27 0.318 0.212 0.159
MW [V] 0.35 0,40 0.48 0.53
55 [mV/dec] 149.8 160.8 182.4 207.1
Normalzied E,, 1 1.15 0.81 0.63

Bl 1.16 FeM-FinFET £ % [ % #c Nanosheet 7 % 8] > % AR | BFF MW ¢ 53 %¥

A eSS g R [11]

Bofs » A M FAET oRMEa o ok 1.2 757 > K. Nietal. [15]#-7 12
# % AR %45 FeMFET » 3 st @ 5059 FeFET & 3 7 1 Age I ~
B TP T Rt IL K iR o - b et At 4 (endurance) iR 3R o v
» 5% R4k > @ FeMFET # 4 FeFET 3 T j7 4f i< /&s(charge trapping) » ¥ 12 #c 4
MW - @ FeMFET #p i3t FeRAM éivd % fdt 87 3217 5 2 crgi (70 # 27 L f

* 3t & 1 45 £ (Artificial Intelligence, Al)Z % & {548 P i& & (Computing in Memory,

CIM) -
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FeFET FeMFET

[Decreased Are/Ayos |

(O) Ere increases,
E, decreases

() Write Voltage
decreases
(O No charge
trapping in FE
O Improved endurance,
Are/Apos N/A 1 Tunable
Read scheme Destructive Non-Destructive MNon-Destructive
Write voltage 3V 4\ 1.8V
Charge trapping None Significant None
Endurance Good Bad Good
Multi-bits Bad Good Good

% 12 2 FART oRMBFM 3> FeMFET 7 &7 M@k iTa BT % > B g’

& IL A epsR[15] o
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143 FFd ¥ 4 T B ARG

OO R BRTF G R MW F -C. Wuetal [16138 87 #* § 4
T Tk #c ] B5(Highk Spacer)~ it 7zt MW @l 1.17(a)¢ - i * 7 UTBSOI g
BTRAA A B LITO)EH 2T 3 F o 1556 SRE LRSS LA
hEPTT FARL T BT mﬁ%@%% AL R AT R R R g
HAoom e RUESA T RET U AT S OERT FF e d MW B 118
PRI AR CEERT @ F HIO hRIEUET R LM 0 B Gt R A
BT R BT MW 7B AR R RIE AP T EE  RR
B - LMW AoR] 119 7 AR ETF A 5 2nm iR £ 2 ] 0.75V H MW
€7 3 0T BEPRE s B DET LTV 4 ST Ve B F 4T e

KV

=
AR

[

NER o XA RAHMW o B G MR S o

Ll

Bl 1.17 (UTBSOI %18l > (b) ¥ »< 7 % #-3] - %G’ i Thd R HMWOTE ¥

UH S BB 8 I BT ISR1T) -
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Bl 119 (AT SMEFFF P EEAZ B > TRTHMW %3 5F 0 (b)E 1
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15 B8 T HWLs
151 AND 7]

F oSBT T KM K - B O T @ maiEE o Bk Le

AND *7] > 4@ 1.20 #7577

o

g3l - Fl(row)? v A1F T T R - 0E

7~ & (Word Line, WL) o &% » & - BH ~(cel)FF > & s o - 7|enH 2 H & & < 7

B~ F 3F(Writing Disturb) > 2 T B> F#H > 3 A% D7 A5

Scheme) & f2 % & » + 3 [17] -

P.R. Genssleretal. [17] & %] 1.20(a)® & * 7 V,/2 1%

:JT}

v
P
e
-
v
e
il

w,értﬁﬁtt,’.%»ﬁvﬁ;w%,ﬂiéﬁiﬁifgﬁfl

- KRS FIEaE > B 120 (b)F Vo3

E N E s R T O IERFE LAY ~
BT BRIAE o R RE® T V3 ey 2

BB R 100 0 MW e g B d 2
Bt chdp o 4ol 121 9 0 T 0 EIARS hB o TR E R Rk TR

Herd et R LB L JH A TR €A B g

oo

BL(] Vw/z BLl GND BL(; 21"’.«;/3 BL] GND
WL * WL
v ‘/02 — V,,/Ue, __indirect write
W ov e disturbance
L
target cell:
WLy \ WL, _HfO,-based
Vi V_ JI Ve=Vw Vw P FeFET (Fig. 2)
‘ 7 W / —direct write
/ /
/ \
applied effective L0 Vw/2 Ski GND Vaisturp for all \ SLo'2Vi/3 st, lonD
voltage  voltage (Vg)

unselected cells Vg for selected row /column

(a) Half write pulse IBS (HIBS) (b) One third write pulse IBS (TIBS)

Bl 1.20 AND 5] ()VW/2 B » 2 > (D)VW/3 B » i o 3 58 » i 30 i

FEHbI '15'%1%’3’»
HAXplan+ 3T REI[18] -
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U{.} ;3 ............... 5 ............... ‘.&”. MI‘\I‘
= collapses
% -0.5 4 %/
s
g -/
2 " /
> —1.0 A W ) f
g YWl [ A e | “
E I.' 4 ',I \ iJ.l F} |'I .
(¥ — '.I - I.' - %
= -15 - l flip \Y ‘o time /
N VW' p/E cycle| R
_ b) Evaluation cutoff a)
T A | AR | N | T oo T
10" 10! 10? 10° 10%
Direct program/erase (P/E) cycles
—4.2V model ---'5.5V model Ao Measurements [9]

Bl 121 &7 B~ TRT MW %2 vs P/E 7% > % PIE % 2 Flief &

MW % ¢ % #[18] -
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152 1T1FeFET 5|

L0 REATRCHERE S 0 B335 ARD T @ ITIFFET #i & &
LI K E A B~ F3E[18] - B.-K Huangetal [18] &M 1.22 ¢ > JEd MR T & H
S R4 — 3F 3 B~ T o 18 (Pass Transistor) >t B » FFELPF > o — Z[e975 3 B~T f
Wy e+rB o eFiBr» TRILE A EDrain) FIrE s EAx 2 238 7
oo BRI B] 123 477 o LRI Vpas B B XN EN V4 Mg~ hE
BRGNE > RpROEF| 5 A BT F- FTHMI Ves b § E0 2V ¥
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o
g
&

FHRAET S - 550 BIBT T S AE At TR Vs Vin £ 8

o
&
fﬂﬁ

[

[RN=APNE. IQTxﬁ’rﬂL“ngf}E"b°
LS AR R AND SRR R A i Uk R
a3 R 5 = Es IFEI,;—II}LL,%HQ’ xi;lrn@}i,ﬁk s TP A E AT R EE

EFMARE MW > B » TR &L AND L5 | ek 83 -

Bit Line 0 Bit Line 1 Bit Line 2

Read Select O T T

Write Salect 0 _L _L _L

Write Select 1 _'_ T _L _L T

Sense Line D Sense Line 1 Sense Line 2

B 1.22 ITIFeFET "5 » ,‘f‘gg} der BB SRR RE LB A FHE[19] -
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(a) (b) Vpass
-Vpass/+Vpass 0 :

Vw

+Vw/0
Max.Effective Vw:
0 wvpass-vt

B 1.23 ITIFeFET(a) % & 5~ ¥ ~ ehify B 4% > (b)iF B & chify B/ o Vs e ¢

E2 &g~ R MR HWT AR € BE19]
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Toom L eh Y A s b BECEG 0 RE MW T L TR o e
HFAFPTEER RO B TRE LT SR DM G e R A
FEHE ¥ - 35 0 B F AT AEPIEET B4 MW 8 5 F0 G %5 0 F
BOAR RGN R G R b e MR T 83 e RIBEHR M 0 -
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Ahrd e BRETESF - FEER NRBT AR DL R S T
FHEL ALY MTBE ARG B REART Gk o S AL
R TR ¥ 2 F SR A EA Y 2% 4 % & Sentarus TCAD ¢ 24 ip
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AAF EAPR-4 2 A TCAD P #1ié * dufi ¥ #-73] Preisach Model » 12 2 4 %
BT P AT Y GRS 2 o AP 4R45 2018 IRDS Roadmap ¥ 7 nm ke ¢ 2

XA P T B ¥ %% TCAD ¢ shmixedmode k3T LA BHBT T X ¢

3
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3
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2.2 Preisach Model

# Sentarus TCAD # » #* 124y it 48 7 IR % 0fic2] 5 Preisach Model > # 7 % 12
Foit f R BT R[] M E a2 BT AL AL B> R 54
et T HAR B S T H(E) 0 4o B 2157 o B 2.1 (b)) 2 BAE R A AR
Ho Q@i 2 f HATH T E IR A LG R T BER TP L
e Beo a2 i3 R AR 224 F B RE - FBHFFG L PFRETH
G EE T H T AREFFTTH M EF Y L denib ek fei o 2 P-E S
Bic® 2.0(c) 2 k> E L7 L v ARG F PR BT Y B

FARDPFRREERABEPERLLT 2 ¢4fc @ LTI P T3 B chfFd o

Static Preisach Model for

-------------- Ferroelectric Layer mmmmmmmmmmmmey
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Q [
o " o
a . \ ‘E‘ Aenter
B E B g /\
X - >
I
Buenter B
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u{:enteyf 7,= + /EI‘ _*ucente{ ’T’i
AV R VW

Spontaneous Dielectric Ferroelectric
Polarization Polarization Polarization

Bl 2.1 (¥ BT 4 PEMG > (DI f FTERAT > (0)F HBME K PEH

tho BT K R ST RN S A THR[20]
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& Preisach Model # [20][21] » % 3> & 4& 1 £ chiB2hoT » 2 P42 45 F hen

TH E 4 5 420 T 3 Eax (auxiliary field) » 1 * — B4i4p i pr & § #etg 2 o i

4o (1):

E (t) B Eaux (t)
TE

dEqu (V) _
dt

(1

5 7] 2etp=0 hi % B(t) € %3 Baux(t) » * 2 84 ©
BFAPTURY P TEE D Bax K3 E W R £ Pan 0 40 #2535 (2):

2
3)

Paux(Eaux) = cF tanh(W(Eaux t Ec)) + Por
F(Eaue) = Ps tanh(w(Equy + Ec))
HY Pyt % 74T K 4 {oik it (Saturation polarization) ~ Ec 5 %7 T H(Coercive

H

7~

field) » w = ——In (Z27) % BUE T S dich BBl o § 2 o=l 12 Por=0

C PS r
DT LR Aol TR S F(Ey)ir> 27 (B) e @ § 4 AT A T

B RTRPT BT R BT WG e 2 B F e Por Rfp it o T

U EART G B 0 v BT 5 R 0 B R e B R B
S FTEE > 4o B] 2.2 HFoF o I ¥ edki bk i o 2 3 Y 37 P-E BER

H 2 RN BN @)~ (5T

3
A A A
2 c c c c G
<1
S
3o ;
= H
2
2oV ° Ve @V ° *r i\, ° ¥
0.0 ] ¥ o0 %oz 4 00 f®o02
0 Time (ms) Time (ms) Time (ms)
40 — —

P (uClem?)
o

X Expsn mant

1(9)

Exparimsnlt

) E)‘(parilman!

3 -2 1

Vee (V)

0123

3 2

10 1 2 3
FE(

3 -2 -4 0 1 2 3

|
¥

Vee (V)

32401 2 3 3 2

Vee (V)

10 1 2 3 3 -2 101 2 3

Vee (V)

Vee (V)

Bl 22 BT AT VAR - BT A Apd IR R ANEITE R AT

5 i T [20] -

28

L HreniRitE 0 WO

doi:10.6342/NTU202403826



_ Paux (EA) —Paux(EB)
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