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Structure

Strategy

TiN/(5 nm) HZO/TiN [110]

Ru/(10 nm) HZO/Ru [98]

TiN/(10 nm) La-doped HZO/TiN [74]
TiN/(10 nm) HfO,-ZrO,/TiN [111]
TiN/(10 nm) HZO/TiN [112]

W/(7.5 nm) Y:HfO,/CeO,/W [113]
TiN/(5 nm) FE-HZO/(5 nm) AFE-HZO/TiN
[101]

TiN/(9 nm) Ce-doped HZO/TiN [100]
Au/(20 nm) HZO/(4 nm) Al,O,/TiN [114]
Pt/(6.5 nm) HZO/LSMO/STO [115]

TiN/(6 nm) HZO/TiN [116]
TiN/(4 nm) HZO/TiN [103]

W/(5 nm) HZO/(0.5 nm) Al,05/(5 nm)
HZO/W [106]

in-situ deposition

suppressed interfacial defects by Ru
electrode

decreased Ec and leakage current by La
doping

improved interface quality by HfO,-ZrO,
superlattice

regulated oxygen vacancies in HZO by
adjusting Ti/N ratio

suppressive oxygen defects migration by
CeO, capping

introduction of the tetragonal phase

in-gap states facilitating electron injection
in bulk films via Ce doping

alleviative bias stress by Al,O, layer
epitaxial growth of HZO

anti-ferroelectric HZO

thickness scaling

interruption of leakage path at grain
boundaries by inserting Al,O4
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4.2.2 WRBER:

Setup CV Parameters

CV Parameters €Y | smal Signal Waveform

Mode ctaircase s Small Signal Frequency 1 kHz
Amplitude 3v  Small Signal Amplitude 50 mv
Unipolar Amplitude L1 Monioring

Prepolarization switching “ | Current Range auto v
No. of Points 100

Integration Time short W

Step Time
—

Amplitude

- Amplitude
YA I Small Signal Amplitude

Prepol Pulse Small Signal —
1/ Small Signal Freguency

Cancel ok
423 AIRBH:

Mode: — ik staircase.

Amplitude: — A DHM H)—%, TFERTHY, HEAGRKK, K



AR

Unipolar amplitude: 2 ] A 1E [\ B 565
Prepolarization: Tttt 5%, Xk HPER
No.of.piont: 5. —M# >/ 100, W] LLE 438 K] 200

Integration Time: F43Hf[E, short. media. long &Ml PE . —fik

short #4T »

2 DHM .

small signal frequency:/IN L FRIARIES, /)N FELR (AR o 1 B8N A R
18 . AUEN ZF DHM M —2, AR BRI Z WoRsf] —.
small signal amplitude: /)N 3 F4R 18, — &y amplitude ) 1/30~1/10 2 [],
AN[E ) Ssamplitude 5200 2 fEE R =
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HZH
E.(MV/cm) 1.40 1.25
P, (nC/em?) 14.80 11.30
P, (nC/em?) 14.81 11.31
¢ (HfO,) 24
3 2 Shiage(v) £ (Zr0,) 36
(b)A 220 (©) s Electric
‘é_ requency: 10kHz | field
3 200 . (MV/cm)
E . 3.20
& 180 j 2.67
0 2
(d) - Voltage (V)

HZH- - - ZHZ

. ot
n =

s
o

Electric field (MV/cm)
~

NEINUI NEL/ TS

aN/SL interface

-
n

-10 -5 0
Distance (nm)

Fig. 10. (a) Measured and simulated P-V curves of the HZH and ZHZ
SL capacitors. The right table shows the material parameters used in
the TCAD simulation [30]. (b) Measured the C-V curves of HZH and
ZHZ capacitors at a frequency of 10 kHz. (c) Electric field distribution
across the HZH and ZHZ SL films at V = 3 V. (d) Extracted the electric
field across HZH and ZHZ SL layers.
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4.3.1 WA 2 -

WA TR, H ) S WU E S BRI R . IX PR
FERE TR K VR il A5 5 A 00 N SE R B . BORAE 5 iR R AN A DA 2
TS HK o A AR A ok i ) A PR R RT DL o AIXACCT TF analyzer 4 #%
PUNDB 40 T B B

X U P

Write N D

PUND #£ X X Bk 7 A 7 & B

Write Bk : FEFEMARZE, BN — A5 ANbker, XS &A
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X Bk £ 5 ARG Ls, Jthn, IErEkeb skt kK AR, idx T
WA A B IE AR AL

U Bk : SR> 1s FAEIR I (8], 3RA ZOR R & . Jtihn—
AMIEFE MK, TR, EIARA ZOR R AL 2L .

N Bk KOG U kb aE R 5N, BT LN Bkt 2 TR R R . Gl T
A IR 2 B (AR 4

D kb SRR 2 I — A 1s (IEIR I 8], ARA ROR R AR TE % . Mo —
AN I, TR R, EIARA RO R AL AL .

P ik it — A R RSO, T e 0 AR A M AR IR AR
(o

Polarisation

Vi Vuﬁage

Write Re-Write

M RE P AN 13, thRALE 1B AR AL AT R o i DUAR S
EUIYSRE PR ENSY

Value Unit Description

Vinaz+ V] maximum voltage

Py (nC'/em?] | positive remanent polarization value of the positive ref-
erence read pulse

Piai [nC'/em?] | positive state of relaxed remanent polarization, re-
laxed for one second in the P, state. Equal to the posi-
tive state of remanent polarization of the quasi statically
measured loop

Pisiani nc/ cm,g] positive saturation polarization of each recorded hys-
teresis loop (at measuring positive voltage)

Vet V] positive coercive voltage, voltage at which the polariza-
tion crosses the z-axis with increasing voltage values

Loy [4] peak current

Vinaz—s Pr—: Prrei—; Pomaw—, Ve—, Iyi— are the analogous values with negative field

and polarization direction




P, [4] initial (unknown) polarization of the first read pulse

P (1nC/em?| =(Pnaet - Prrei—): change of polarization when the sam-
ple is switched from the negative state of the relaxed re-
manent polarization into the positive saturation - switch-
ing case

P [C/em® | =(Puazy - Prrery): change of polarization when the sam-
ple is driven into the positive saturation from the pos-
itive state of the relaxed remanent polarization - non-
switching case

dPs, [1nC/em?] = (Psw - Pusyw): detectable polarization difference be-
tween switching and non-switching case

Ry, Q] average resistance

Wioss uJ/cm2| lost energy in hysteresis cycle

ﬁEP 2Pr=Prra* + Prrel-izfn Radiant ﬁﬁ[ﬂ‘] dPr {E;%—‘ﬁéﬂ(} °

i Pr+f Pr-fEAI DHM (PE-LOOP) 5| &R AL B R — B .
B L, AIXACCT TF analyzer FJ{X 5% ) PUND 3% 58 4 Radiant ] Remanent

Hysteresiso

4.3.2 Yﬂﬂﬁtﬁiﬁ

Setup Pulse Parameters
Pulse Parameters o Write Pulse
Waveform trapezoid Vv | Ampltude 3V
Pre-defined Pulsetrains PUND V| Pulsewidth 5ms
Risetime 2.5ms
'L It I
I i s [ Delay to Read 1s
Read Pulse
Ampltude 3V
Pulsewidth/Risetime 2.5ms
Delay 1s
Monitoring
Current Range auto V.
Rise Time= Rise Time=
F all Time Pulse Width Fall Time
E:*elayto F!:ead Delay Time Delay Time EDeflay Time Delay Tln‘;e
5 Amplitude
Wirite " Read : © Read " Read” " Read : ERe.ad5 Re-W;it;e
Puke Puke Puke Puke Puke ‘Puke’ Puke’
Cancel Ok

433 AIRSH:

Pluse Parameters:

Waveform : — % trapezoid

Pre-defined Plusetrains: PUND & & £ Y, FIER KL & X
&, AR R SRINK 5 K& AEE— %

Write Plus = 5 ikt R HBL— 7, By BAXH IS i A K



Amplitude: 1 DHM #E0E—5

Pluse width: — & if 5 B DHM I 8] () 17246020, AR DHM oy
1kHz, XfJi1ms, WA EAEL 500us; A NI DHM 2 1Hz, X5 1s, W
A LLHY 500ms;

Risetime: — %1 & X DHM It} [A] ) 1/4

Delay to read :Zki\ 1s

Read Plus : X5 PUND DY/ ki B, 0 s s L3 B

Amplitude: 1 DHM & IE—%L.

Pluse width/Risetime: — 1M & B DHM B 18] (¥ 140101, 7 B4 Rkl ik
DHM Ay 1kHz, Xf®i 1ms, JUA]TLAEL 250us; HRAEH RN DHM K 1Hz, XM
1s, WAy LA 250ms;  SERR I iRl — Fro

R Plus Rk 58 5 B R e R Ao i i
4.3.5 FAR AL .

XFF PUND M &, 1R 2 Nl 58 DUSANE LIS S, A ¥R
o IRATD B R VR 4 BT A B AR
TEA AIXACCT TF analyzer {#50I]i) PUND BH4£%

Potaation (/o]




Polarizationl:X ik : L EHILR, EHAHILE (4V) KAJE 1s, i
IAE & Jhkcafr (Av), A AR R AR BH o RIARE RO R AR AL A AL

Pr* & The first pulse (x) is the most important one, since this
pulse reads the charge left on the sample electrodes, ¥FJEERHIX
ZREBERBAERERERFE. (rite kBT X KA R, HZF
Write K/NHRIFZIE)

EAREES, BT X KPR RERE, RAIERMITIHIT X KAAE
RERTHI 4 2% R XK REET , NiZA P kB, " MEE—%.

UBkwb: SEm4%, Xkt (4V) KA Ls, it hn ik m ke (4v) , e
RKAER . RIARE RO R RACH AR AL

N Bk i (2, U kel (4D RAEJE Ls, J N 4 ) ik (4v), A4k &
A2 DI B A7 B

D Bk RIEAILE, Nkt (4V) KZEJE Ls, M pna i kot (4V) . JEk
W, BEILARA ROR R A B A1 .

P k. LML, D kol (4V) KRG Ls, G kot (4V) , 1)
MR A B IE B R

TE PUND AbE 28 . o RARN=T ik b — A S B ik v -

£ PUND A= P RKyhA0 N Rk ob n B R4, ATAER
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SR

Time [s]
4.02400
402400
4.02401
4.02401
4.02401
4.02401
402402
4.02402
4.02402
4.02402
4.02403
402403
4.02403
4.02403
4.02404
4.02404
402404
4.02404
4.02405
4.02405
4.02405
402405
4.02406
4.02406
402406
4.02406
402407
4.02407
4.02407

46 5

AN

T0 0.11716...
iy AN IHEA S,
B2 P/ 71

K niR s 2 ) F) ik,

FE PUND H1: U Jikob#0 D ki 9 A B Fe R AL, TR

40

20

-20

-40

PAEA S

T ©

MRAERk B ETTH: PR Us NI D BB R RRIE L.

HAREYE A B

R
P

V[V] P[uC/ecm2] Time [s]
(0.01875) (24.23841)  1.02300
001966 (24.11355)  1.02300
005937 (2397176)  1.02301
0.09937 (2382762)  1.02301
013890 (23.68110)  1.02301
017833 (2350454)  1.02301
021827 (23.33080)  1.02302
025632 (23.17580)  1.02302
0.29605 (2301231)  1.02302
033561 (22.85040)  1.02302
037571 (22.67521)  1.02303
041472 (22.50448)  1.02303
045463 (22.30784)  1.02303
049386 (22.07724)  1.02303
053488 (21.86407)  1.02304
057442 (21.63439)  1.02304
0.61450 (21.37211)  1.02304
065381 (21.10092)  1.02304
069354 (20.80682)  1.02305
073281 (20.49673)  1.02305
077241 (20.13892)  1.02305
081287 (19.72104)  1.02305
085157 (19.24473)  1.02306
089140 (18.66686)  1.02306
093089 (17.95889)  1.02306
097234 (17.04218)  1.02306
101024 (15.84488)  1.02307
1.05057 (14.27243)  1.02307
1.08997 (12.19116)  1.02307

A A

IJ_:I‘—‘“

N

“HCRIEERAL” 5 R REEAC A T A AL B 1
A7 F2, MADNFAKERREL. 7 XAEALRE 5B REGH
Yo kE—h -

R
U
V[V] P [uC/cm2]
(0.01841) 27.10335
0.02012 27.20614
0.05986 27.31214
0.09898 27.43118
0.13824 27.56248
0.17851 27.69237
0.21879 27.83450
0.25750 27.97146
0.29692 28.10399
0.33596 28.24759
0.37671 28.38641
0.41521 28.52405
0.45481 28.67822
0.49456 28.83083
053524 2895769
0.57443 29.08319
0.61450 29.23999
0.65377 29.39907
0.69364 29.54762
0.73390 29.69697
0.77397 29.83360
0.81403 29.97263
0.85174 30.13433
0.89218 30.27674
0.93153 30.39895
0.97122 30.54255
1.01135 30.69529
1.04963 30.84506
1.08969 30.99199

TR
(k=04

0.00000
0.10279
0.20879
0.32783
045913
058902
0.73115
0.86811
1.00064
114424
128306
142070
157487
172748
1.85434
197984
2.13664
229572
244427
259362
273025
286928
303098
317339
3.29560
3.43920
359194
374171
3.88864

(24.23841)
(24.21634)

(24.04391)
(24.01295)

(23.80472)
(237184

1)
3)

(23.25109)
(23.09035)

(21.84025)
(21.25449)
(20.48138)
(19.43682)
(18.01414)
(16.07980)

BB R
N D
Time [sV[V] P [uC/cm2] Time[s] V [V] P [uC/cm2]
2.02300 (0.04700) 27.10335 302400 (0.04543) (24.31930)
2.02300 (0.08528) 26.98273 302400 (0.08424) (24.43646)
202301 (0.12478) 26.83127 302401 (0.12476) (24.58959)
202301 (0.16467) 26.68360 302401 (0.16481) (24.74401)
202301 (0.20471) 2653733 302401 (0.20346) (24.89834)
202301 (0.24374) 26.37942 302401 (0.24292) (25.04847)
2.02302  (0.28452) 26.22087 302402 (0.28278) (25.21796)
202302 (0.32389) 26.06924 302402 (0.32248) (25.39592)
202302 (0.36290) 2591228 302402 (0.36263) (25.55880)
202302 (0.40281) 25.74504 302402 (0.40239) (25.71797)
202303 (0.44287) 2557442 302403 (0.44122) (25.88674)
2.02303  (0.48340) 25.39835 3.02403 (0.48159) (26.06414)
202303 (0.52281) 25.22033 302403 (052054) (26.23379)
202303 (0.56245) 2504462 302403 (0.56004) (26.39861)
202304 (0.60123) 24.87225 302404 (0.60048) (26.56798)
202304 (0.64129) 24.69853 302404 (0.64092) (26.73242)
2.02304 (0.68208) 2451784 302404 (0.68004) (26.89732)
202304 (0.72136) 24.32922 302404 (0.71925) (27.06910)
2.02305  (0.75989) 24.11856 302405 (0.75853) (27.24950)
2.02305 (0.80065) 23.88890 302405 (0.79898) (27.42617)
202305 (0.83983) 2366903 302405 (0.83766) (27.60670)
2.02305 (0.87971) 23.45402 302405 (0.87830) (27.79665)
202306 (0.91808) 23.22760 302406 (0.91870) (27.96914)
202306 (0.95914) 22.98166 302406 (0.95779) (28.14972)
2.02306  (0.99805) 22.71476 302406 (0.99839) (28.31921)
202306 (1.03818) 2243774 302406 (1.03718) (28.47148)
2.02307  (1.07762) 22.14064 302407 (107664) (28.66054)
202307 (1.11681) 21.81463 302407 (1.11656) (28.84125)
202307 (1.15683) 21.46685 302407 (1.15617) (29.01020)

AN SRR AR U AL AR B A K

TREE
[EES ik ]

000000 27.10335
(0.11716) 27.09989
(0.27029) 27.10156
(0.42471) 27.10831
(057904) 27.11637
(0.72917) 27.10859
2711953
) 27.14586
2715178
) 2714371
(L56744) 27.14186
(1.74484) 27.14319
(1.91449) 27.13482
(207931) 2712393

4868) 2712093
2711165
2 2709586
(2.74980) 27.07902
(2.93020) 27.04876
3 ) 2699577
2695643
(347735) 2693137
(364984) 2687744
(383042) 26.81208
(3.99991) 26.71467
(4.15218) 2658992
(434124) 2648188
(452195) 2633658
(4.69090) 2615775

7B AN SR R AL R
(fltm U & 27.1035, D 5&£-24.31930), ZFR/EFER A (Hlm, D BB

53] T : Remanent Hysteresis Hi2k

), FrbAar il (kZs 27.1035 Ain | 24.31930). 153 £ 4%
w5, F P MEMZ: “AIEEHZA R, e
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SEMIBHE=: A PNPP ikl /55I#04 IFM model, #ETHR 7T HFO, M ALFF
KM 115
e X E IR SONES HHE

(a)eo . w0 .
Pulse tlme:150ns to1.1ms 15 Pulse time:150ns to 320us 2X step = /O
5011 5x step - N i "4 x
&40} NAE
£ < ¥ '\\\ e o
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g 30 ;5’ 20 : \;\ - 4
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Appl. Phys. Lett. 114, 142902 (2019); doi: 10.1063/1.5093793
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15 200 - -
More fatigue-resistant
10 1.0 | A§
s J100 = ﬁ:ﬁ‘A‘A\A
& < ” A
E 5 —2 = A
=2 s & A
g 0 10 § % 08 (4MV/cm, 125pus)
= 5 & o (BMV/cm, 500us)
R 41000
10 0.6 .-2- Large voltage re-wakeup
=L\= Large width re-wakeup
_15 L 1 1 U oKm 300K _200 sl pro— | o aaend. e —
3 2 4 0 1 2 3 10° 10" 102 10° 10* 10°
(a) Electric field(MV/cm) (b) Cycles

*Pre-cycling operation: Stage &I (Fig.14) =3 measure @stage I11

Fig. 15 (a) PUND read after re-wakeup at 360K and back to 300K. The MW of
the device does not change with temperature. (b) Both voltage and pulse width
increasing can make re-wakeup at 360K, the latter is more resistant to fatigue.
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4.4 JEFRIR LM
4.4.1 PR

A BHE N A T R A AT RGN F o, ZEMR o |
BB, AR A B 1) s B ok e A IR B A . IR R R, 3
RN A 6 PR IR R /INAH 24 I 2 X MR R S A1 B PR e = AR5, BT LAZE
I 2 X 23 A A B LA R IR A T R AE A R R — N R R
U FE AR F R B step R/NIER, SRS PR B H R AR RF— BUN (] (STEP
duration). TEIX—BtHFIA], BRALEREE A FRIAT IS GRS 1, SRS BP0/ .
NEIPFR, AR S 70% 90%F DX [A] Y HLIR R /N e XA A 25 Bk 1A%
IR IR o ZRAE R 502 A R A U FLA -

current P of fer i ic

05
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Setup Leakage Current Parameters

Leakage Current Parameters O
Voltage Step 500 my
Step Duration 25
Max. Volzage iV
Prepolarization switching b
Unipolar Amplitude ]
Unipolar Unidirectional 5

Step Duration
f——y

Step Duration
—

Monitoring

Current Range auto b4
Autoadaptive L]
Automatic Stop L

Prepal Pulse

0% 90%

Data AE:qL:lisition

Ca cuIation%Time

Step Duration

Cancel

4.4.3 A[ZESH .

Amplitude
“oltage
N —LLL’_,_r

Offs:et Measu;ement

Ok

Voltage step — AT L& max HL % 3%-10%.

Step duration: HRAEHACEN: FRIRIE R DL R, M RLE LY, FRE
10s, PRZEM BRI EA/DTF 100s. BARSZIGEIE S BRG] 2.

Max voltage : A1 DHM HiJE—3.

Current range: R4 M AL BN IR /N REE, 445 2R 27 under range
i, RN HEERDE K. — @ Z KR under range 74 %%
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Leakage current
&
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1 Step Duration: 2s i Step Duration: 100s
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| Step Duration: inf
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L L
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Table 1
‘The comparisons of the recent aiming to imp: the fatig properties.
Structure Strategy Cycling frequency  Cycling voltage Endurance (cycles) ~ Remained
amplitude (MV/cm) P.(uC/em®)
TiN/(5 nm) HZO/TiN [110] in-situ deposition 100 kHz 5 25w >10' 9.1
) v <10° 15.1
Ru/(10 nm) HZO/Ru (98] suppressed interfacial defects by Ru 1 MHz 3.5 35w >10" 17
electrode
TiN/(10 nm) La-doped HZO/TiN [74] decreased Ec and leakage current by La ~830 kHz 25 25w >10" 28 (2pP,)
doping >10" 10 (2p,)
TiN/(10 nm) HfO,-Zr0,/TiN [111] improved interface quality by HfO,-Zr0,  ~ MHz 2 2v >5x 1012 9.2
superlattice
TiN/(10 nm) HZO/TiN [112] regulated oxygen vacancies in HZO by 1 MHz 27 2iv >10%0 3
adjusting Ti/N ratio
W/(7.5 nm) Y:HfO,/CeQ,/W [113] suppressive oxygen defects migration by 200 kHz 2V (cycling voltage) >4 % 10° 7.5
CeO, capping
TiN/(5 nm) FE-HZO/(5 nm) AFE-HZO/TiN introduction of the tetragonal phase 50 kHz 25 >10'° >10
[101]
TiN/(9 nm) Ce-doped HZO/TiN [100] in-gap states facilitating electron injection 5 MHz 3.3 ] >10" >17 (P,,)
in bulk films via Ce doping
Au/(20 nm) HZO/(4 nm) Al,0,/TiN [114] alleviative bias stress by Al,O, layer 100 kHz 6 V (cycling voltage) >2.2x 10° 7.9
Pt/(6.5 nm) HZO/LSMO/STO [115] epitaxial growth of HZO 100 kHz 5.4 35w 4x 10 4.1 (2P)
TiN/(6 nm) HZO/TiN [116] anti-ferroelectric HZO 1 MHz 45 P >1012 8.6
TiN/(4 nm) HZO/TiN [103] thickness scaling 200 kHz 3 1L2v >3.5 x 101° 10.1
10'2 (TDDB /
extraction)
W/(5 nm) HZO/(0.5 nm) Al;04/(5 nm) interruption of leakage path at grain 500 kHz 3 V(cycling voltage) >10" 6 (2P,)

HZO/W [106)

boundaries by inserting Al, 0,




4.6 R¥FFHWK RM

4.6.1 AR

ORAF F7 DNt VAt Bk FL A PR RE ) — A B LIl A A, HRAL (1 2 AE FR LI
[BIPY, A A BE IS TR R A g P o T St Tt i B2 Rk A T BK BA R 3 %
Pr AL/ BEI TR 9484 . FERRHL SRR I B b, 220 B I it ik P e 21
10000s LAt

4.6.2 JRAA-H

Measure Parameters 0

2.5 ms
v

Monitoring
‘CurentRange  auto

» B

4.6.3 2 BH
Max.Retetion Time:10000s(fR R} %)

Retention: Ak, —FhZ applied signal , EFELLJG AT DL 21 (4 ()
LV, GREEINETY . 5 —Fhi short, HEER A

Pluse Parameters: Z [ PUND iR, 4RJ5 & it k.

WEE: DL ERE A ORIFIREE, 8% HO2 FEAhE 85° LL LI &R,
P TR AR FRRF I 27 — B B R P



4.6.4 SLRBHE
ST BRI 40° N IR

334 —=— HfD, film
224
o g 85 g s a2 . o
E 11
&)
2
g o
=
= -11
= )‘_._._./0—._'/0—0—0—0—"——0——.
22 4
-33 T T T T
0.1 10 1000
Time(s)
4.6.5 WXHE

HZH —=— ZHA

S
2
= o} Open: P, Solid: P
n:.
"
&:"'10
-20F RTA: 550 °C 30s

10° 10! 10> 10 10*
Time (s)

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 70, NO. 4, APRIL 2023



4.7 BB (PZM)

4.7.1 PR REE

Bk VDAL L A4 R, ST T PR RS P A TR, RO N R
ARG 4 BRI R AT . B IE RN, b i 5T F S P R ORI L R % e d
HAFRAE, AT, Hh d33 R E I E R R RS TR IR (PZM) X
5 M 5 PP 705 PS5 4T, T PR 40 [ 308 335001 3 (5 S 5 F 7
AR KR A RV B R BT A A 9 ] R LI LA 4557 5 () 1 (RO 3 4T
PSR4 TH R 72

BOET AR ERRAE nm 405, FrleRIAERE RN R R, EHEAX
THERR, BOCTYWAUTERAE. BIER R d33 RIEF] LLER R H3RE.

4.7.2 PRS- HE

S R IE LT, PZMPE R B LU A OB T R IBOR AR

BRE TG MR A . {z%‘ﬁh%ﬂ%&ﬁﬁﬁ?%m&ﬂl@ﬁﬁ I8 P2 4241 -

——— -
- = _

B AR B Tools BB ¥ B U0 448 & R UK 8% . Settings --->>>

Channel Settings F. : ¥Voltage Monitor #£%|TREK 610E (#10kV, ¥ Voltage
Output #EEIFHFMTREK 610E  10kV, rfiidiApply, FfriidiOK #iik;

WOLT A Settings --->>> Extemal Devices>>>interferometer, %)% enble,

mir Apply, F 5 OK ik,



=2 WO T 1E Tools HLi%#% Interferometer Signal Moitor
ORI, FahaI R E, Ok sum [EAETEIEE] 40 UL L.

\mmwnmmmm.wrm.»mmwwm«uwm O R
I

llllllMIIWIIM!IIMI][!IIIIH!W il

VU AR MR R L L SR PZM, NS, TR I.



Measure Parameters (4]

4.7.2 ZHBEH
B OH #2445, aliAs BAASH

REHSHH TSI DHM B E . IR A
Single Loop : —Ma)ik I, BN =il &2 S EEHE R R IR
Unipolar amplitude: “aJide b 052 #im] . — Rl strains B & 2 2) ik .
PALARIERE: — Mo iE B Strains F displacement

4.7.3 SEIMEAR
S —: PZT P P AR AL AR 2k .




Polarization(uF/cm?)

S HdE

Strains(%)

20

—— PZT Ceramic
4
10 2 -
g
2
0 5
g
0 3
=
-2 &
2
-10 -4
-6
=20 T T . T T y T
-3400 -1700 0 1700 3400
Voltage(V)
PZT M % A [ 54k strains 28
0.40 T T T T T
0.35 -
0.30 - E
0.25 4 E
0.20 -
0.15 5 —
0.10 —
0.05 -
0.00 T T T T T
0 200 400 600 800 1000

Voltage(V)



4.7.5 B 3CHR

L] L] T L] T
-40 -20 0 20 40 60 80
Electric field (kV/cm)
A o8 B o030 C 030
KNSN3
0.25 4 0.25
06 E
_ 0201 Paten __0.20
I e y ;z{x\r,r "\”KNNN 9 f 1
S04 £015 - £015 42
@ © AT ©
5] B /", [+ PZT-4 (Ref. 8) & / P
a 9010 /,”/ _ A KNN-based 0.10 / 104
02 v - (Ref. 31) Y, 5
P / 10
0.05 o, - - - ® NBT-based 0.054 / 4 108
" (Ref. 10) # 107
0.0 . . 0.00 +E——————————— 004
0 20 40 60 0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
Electric Field (kV/icm) Electric field (kV/cm) Electric field (kV/cm)
D 1600 E s
16
1,400 _—e
s ' o—o—o—° 314
g 12 KNSN3 Tz *
§ 1200 £ — KNSN3 . ~160 °C
x = 1.0 -base: =
,_ug1,ooo 2 ceramics A »140°C- 7, A
W PZT-5H (Ref.32) 508
2 —A g . ° o
“ &m0 A,—A/A ™ £ ° s Lead-free
a—m-0—E— = 04 o n single crystals
600 PZT-4 (Ref. 8) -
0.2 4= m_ "™ KNN-based ceramics
0 20 40 60 80 100 500 1,000 1,500 2,000 2,500 3,000
Temperature (°C) S . JE... (pm/V)

Fig. 4. Excellent electrostrain properties of KNSN3. (A) Unipolar strains of KNSN3 at electric field

from 20 kV/cm to 50 kV/cm. (B) Comparison of unipolar strain at 20 kV/cm among piezoceramics

(8, 10, 30, 31). (C) Unipolar 20 kV/cm fatigue at room temperature. See table S4 for details of fatigue

and test conditions. (D) Thermal stability comparison between KNSN3 and commercial lead-based ceramics
(8. 32). (E) Unipolar Strain performance comparison among representative piezoelectrics with giant
electric-field-induced strains (1, 2, 7, 9-11, 19, 23, 33-38).

Huangfu et al., Science 378, 1125-1130 (2022)
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