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LK, BEE L RARBAR P & R, AR R
fIERST R /N 2002 4F, 4@ -E Akl S0k
Y3 AR % (metal-oxide-semiconductor field-
effect transistors, MOSFETs) fIRGHHEAT 100 nm
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TE 90 nm 7 s MBS LT R REROR B {1594
B TR R TS T
SiO, FALA B2 I S BN e L, 7E 45 nm 77
HOIAT R kAR U LGB T2, MOSFETSs
PPERERS 2 TR 4T, HBEE MOSFETs R
SPIRE] 22 nm A, BSR4 MOSFETSs
) Pe R AR A5 R V) T RSO S B0 T L DA A [
{E120E (subthreshold swing, SS) IRfL IR 15 %%
Ay ThFe S0 BT, P AR IR 2% S8R HDRT R 45
¥, Ho, da 4k T RE M (silicon on insulator,
SOI) ., # 4 2 & I fi: P (ultra thin body-SOI,
UTB-SOI) Fl = i fig =X & % O (FinFET) 45 45
Fa R AEAR KRR BE b G2 1 T J V) TE AU
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Wk B Z2 M. SCHER [7) A, 7E 3 nm YA,
MOSFETs & M54 (gate all around, GAA)
DAR o i s il ae 0, HPEREARES T H AT
T FinFET K 30% LA L.

H Bl AR RRE R T #E A 10 nm DA, HH
18 38 RN A B 22 FE IR (drain induced
barrier lowering, DIBL) 250 1 5% A9 IV (5 {8 X P fE
IR ARG AT 20, 28FR SS 3R, I
A R Vi R0 AR HL S Vop AS BE 4 HE 1t/ )
X FEE I ES IIFE 2GR, o B LR AR R
St N R B AR 2017 AR EREE S
Z 4 i 28 ] (international roadmap for devices
and systems, IRDS) (& 1)B #8 H ) B FXF @& 4 A%
JEARDIFEAR oK, B 2033 4F, MR O RRAIE
RSPE4E/ 8 2 nm, H SS UUEHFEK3] 40 mV /dec.
X T4t MOSFETSs, T8 73R 2% % 73 i
f O BRI IR T A SS JoikFEMEE] 60 mV /dec A
T, PR SRR AR 1Y SS 1078, X T ik
A AR REE RO B — 2D N A F R R

90 Technology node/nm -
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Fig. 1. Roadmap of subthreshold swing (SS) proposed by
IRDSEI,

H AT — 2S5 30 o A A 4 0 T 1 i
PLHIRREAL SS, T2 BLAUFERE 5 b (A 10— 131 25 g
A A (14 TN AL HR St AR A 15— 17) B X — 2R
PEER AT LK SS FEAEF] 60 mV /dec LT, {H AR
Ife 25 A AR AR 1 A T R e v 2 R AR A LT
W& 25 AL A S B0 1 T PR T /N R R s =2 [ ) I
o R T AR AR v o A = 1) A D 2
EHE BT R EE, ARITE ARG AR E M 1)

ANHILFR A B TRIME T 25 %, TR EE 1S 20,
Rt — 28 48 F H A5 15 B 7E 5280 P B BL. 53
Hb—JE AR T8 3 VR B A B2 F 2 N 1) L
() FLZS TE RO FEAIG SS, dnia ARk SOL fhiAds 21,
TCEEA AL ARG 222 (X R A BT Fid 2l
%t MOSFETSs, H:ZH SS R JEH:%E0% 60 mV /dec
k7B

RISV SRS (ferroelectric negative
capacitance field effect transistors, Fe-NCFETSs)
— B4 RS, HA S Al Salahuddin F
Dattal®! 2008 44, flfi HEH K4S MOSFETs
AR A B = AR AR BUZ , RN
FEXIA TE AVE FISOCR, Bl i 755 1 8 F 2 A0 L
{8, JRHE L AT DA R Y SS FEIKE] 60 mV /dec
LR, 33X Fl 3 A0 AT PR Z 8 1 HL 25 (negative
capacitance, NC) & hy . 5 H At AL SRS SS 19
JiEALE, Fe-NCFETs £ 5 Bl R E#. H1T Fe-
NCFETs {UJ&7F MOSFETs Mt )2 5] A T 2k
HURE L, HS RS0 NC, A F I Ih U
& JE-A ALY 2 B4R (metal oxide semiconductor,
MOS) I TAEBLE], SIS 45 E B KK
54k, NIt Fe-NCFETs f#5 T£48 MOS ##
RS R R, T HIE A 5 H AN A Ak
22K (complementary metal oxide semiconductor,
CMOS) T2 3% X AR M I8 I TAEBLE | AKTh#E
Fiti DIBL R S5 A5 2520, fff Fe-NCFETs Wi h
Heoe/NRSE ARIIEE MOS 2804 Fh Al =98 7 i — Fil
e AT A B R Fe-NCFETs #1717 712
AT ST, 2% Tl BT A L 27300 35 45 Ay 131340 11 1%
AR B3R Wi g 3 1, Fe-NCFETs iV AE 1 15 2
THRRIETT

AR SCNAREE AR AERE 0 AR B, S 25 B N Ak
WL JLAE X T Fe-NCFETs HE Il 525 () 5 24
GG, FEXT AR SS | TF I HL UL HE | [mT s L AN
T FL R A PERE YRGS HEA T 0 A LI . 5 00 B e
IR AR IEA BT, SRI5 XA R RIS
PEAT A Hrh SR SRR A R & I, ATk T
S AT RS OMOS T2 1 3 75 In) i, {15
Fe-NCFETs HPERERE— 5 . 2 — AR 7015 5 xS
MFS. MFIS #il MFMIS #5#4) Fe-NCFETs (% {Ji.
FAETRT LGS, ARG WO 2 ) ke
BRIBBHY “S” KRR, JRah & W A i A B AR
A Ml Landau-Khalatnikov (L-K) 772, 15 2|2k H
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R T RERTZE P RYARAE NC X, 35 F SR MHES
FFITE SR 2 T 0 ) DS A R A RS NC I
B NC; f¢J5 318 NC Fe-NCFETs (19 TAE X 3.
55 VUSRS 43 DN = HE YA T8 A RHRT 2R 1 SE AR A
45 35 JLAF ok RO S Ak B JE B R 1Y Fe-
NCFETs iy 8 258 s . HorboR 6 L 85 3541
BTV R AE A Y0 FIRR 98 K 5 55 = 4 Y 38 AR
Fe-NCFETs 5145 CMOS T 203, hiE
S 2 22 (B AU Re 4, AR . (B2,
WAFAE— L) 8, L INRER BRI T A ST R
RRBR T A TS LR B RN, AR A7 B
BNFEOT LB /N, TV RS WS A
2 Z 1) B B M e 22 DL ORR A0 K B Fe-
NCFETs 0 TAEHLEE W AR IR RIG A 5. i 5 i
G IR ALY | A SR R BB S Ak bR AR 4
A1 Fe-NCFETs Jy fi R A& FRAE R ~Fiff A 3 nm
PEAET AT BE, 4R AR — SRR Y ) BN A
ELR 7. AR AR S 2 A St v BE
W2, W RMBERZ, Wi 4R 5155
CMOS T. Z 37 bhi 2z, Ik, T8 38R R
FUH BT R, UAEX S &k 2 0] - — A~ F
i, Fe Tl K A S B F X Y A A R R B e
Fe-NCFETs H Rij £ 7 i) [a] BUFN A 3k 14 & J& )y i/
MRS,

2 BRI 5 AR
2.1 SREMBIERMR

FE— B TR R N, s iR S A e ) I
PR R A, A A R I B R far LT T
FEARXL R, TE BB, B F R AR R
FIJT i) 23 Bt 2 S v 35 ) R/ NI T A 328 T e
A5, AR AT KRR (ferroelectrics).
o A AT ) 5 AR B LA A AT 7 ) B AN S XA
SRR, AR A S AR IT R R D AT X B
HORREAR Zh B 7 1, BRI AN 1] R Rk A Tl

IM7E 32 ASEARA i, HA 1(C)) . 2(Gy) v m(Cy).
4mm( 04‘1}) N

mm2(Cy,) . 3(C3). 3m(C3,). 4(Cy)-
6( Cs) Fl 6mm( Cy,) X 10 4> 55 HEE A RRik il 7
] B9 R T8 X 10 A S BE A s A, A 1l AE
KA R, WA A TR REREAR, B 2 45T
32 A A SR B LAY SO R TR SR
[i] Py 2 % 39400,

324 A HLR (Dielectrics)
20> S E: Fe HifAR (Piezoelectrics)

10 f5 B FUHLIAR (Pyroelectrics)

@E%{Z‘K(Ferroelectrics)

K2 AR A
Fig. 2. The schematic diagram of the classification of dielec-

trics.

R HL R R 2 0 EL A T L R R [
PIAS EZERHIE. K 3 R ARtk B P Fn4b
N B Z ] 3 56 2 &1, BV A el 2 .
o, PORFEI R AR B, FORH S A AR
RIACTREE ;. B AR, FoR b B
FTEH I HL R B Sk AR TR LR AR AS T, IR
F14) EEL R R 1) B AILHE S, 2 FRL AR P e bl f iR E
F (). Yt A R T AR T
HLI7 7 I HES (5 1 B 3). Y4 Al A AR A
] 5 L3757 [ — S0, K F AR A f ok B ik B e K
{H. BfiJS Ao, T AR 2 (B 9 AH R
A, BRAAR N TR AETE R AL, B ALsE Bl P (4
4). it fin Bz 1a] B S B, H AR AR R O 0 S . it
TR 35 BE IR B — B i, Rk rAR RS ) AR
I BEALHES, Ll A B N (45, 5). 4kSEiy
KA 5 B, WAk B 7R B ) | 3 31 o KA
(J5.6).
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Fig. 3. Ferroelectric hysteresis loop!*!.
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PR g A (A R RS R B ) PR, T LA b A A
AR 25 BB VR E 19 722 Ak A8 Ak 1421, 5%k 1k H Aok
Ui, FAAE—DIRARE T, LT T, i, Fik
5N A KA B R AR SR YRR T
T, B, 1A 5 48 2 75 S Ve AT 1 R A A 1 DI ¢
(paraelectrics) 2544, X T, A JE BIRE. Ll BaTiO;
S, HE ERE T, O 130 °C, 24iE T > 130 C
I, SRS EEH RS T il AR (m3m), BLE E AR
e, REA HEMA; 20 < T < 130 C i, &g
SERY DU AR (4 mm), RO A AT T R
[001]; 24-90 °C < T < 0B, fbaEL5H R IESE i &
(mm2), H &AL N [110]; 4 T < -90 C
B, ARSI = MR (3 m), A EMAL T 1 H
[111]18-43],

2.2 FREMPSE

H 1921 4 Valasek!6 % B2 B L (A1 BR A
£, NaKC,H,044 HyO) A ELAT 2k s [ 2R LA
Xk, BIHAT A IE, ATEZ KB 1000 2R H AT 8
CER IOy 7y S i e v N NS B L S WK S
HLATRE A HLAR F AR | AR R T Ak A
P RRIER e SNy SA IS

221 HREILKEMH

T4 LR A B 5 ER T R 2k H A dn
BaTiO;. PbTiO. PbTiZrO; F1 KNbO; %, iz f#
IR 4 LiNDO,. LiTaO, Fl BiFeOy 25, 7 4
WHRURHIALN PbTa,04. PbNbyOg 1 BaySrsNb, 04
8, B EIRESER G5 R FLAR AN SrBi,; Ta, Oy, Hik
FL MR R T AR 25 R AN KR M. X — 28R
JoE: LU s | DU o5 R RO S R AR AR B R
PR, T LA T R 0 ] T 56 T AR Ak S e e i)
BRI ek, H O IR TR & (—
KT 800 °C) . ML M AL B 22 DL e 5 CMOS

CHANE 22 5 b s ABHL AT TR M Al B

2.2.2  AIEEHH

AR EHIFE R M (Polyvinylidene
fluoride, PVDF) J HA7 A= 4 U750 5 %52 Ji ()
(e 11, Je -9 55) . &Jm-A RS Wbt
BE L2 TR i (B EEE N O W T A
FERRER B0 IRUAK I [ Pt K AT A= 4y P3I14E ) 4 HUBkR
HL P Y BRAL AR 2 A R S A B T A L 401

SECT MR B, TR B A AR
R . A LR F A R A DTBRR BEAR (— R TE
200—300 °C Z47), SePRTotbss s, Rt Al DL
FEAS TP SRR B e R K, i HR HAT I JE
LSENEEERY/P NS R G 1V NN Vel d =N oY e 1L TV
R PORNAT AR WA o AR B R s T
WG NG 3Z 50, IE XA HLER Fe b BHE A A
g 191 AR 054 T E Y I 7 A ) T B L FH D
SRRV HL TR I A 05T 14T 1 R A A
5%, MiHEE A &M A 5 A B R H A ALk
AR ZEAIF Y Ty ).

SCifik [56] HGE TR A MLES Bk 2k FL A R
miE 4 Fos, RAFHEADLGTHEE . NHY 2R
W ES T (CL, Br, T) 20 58X T2 G4 8k
ABO; H1f A&7 BB M O* B+, AT
it A(NH,) Xy 19— KAt 23 Fh e Pl
RIBEERE R, Hoh 3 17 Rt Rl R i T R4
FER M, JUHJE & B MDABCO-NH,I,;, H A
BWALSREE (P) A 22 pC/cm?, B £ TCHLES 5k
WA BaTiOg B ALSREE (26 uC/em?), HJE
HEE T,k 175 C, b BaTiO, 1Y fi B 6 &
(117 <C) @i 50 C LA L, e — M nT 22 ilds
A H 2 T EAA R T )

2.2.3  TEiEH R EAR A M

EILVAER, AR GBS ZR — 4 b R 2
AEREME. Li A Wabs) 38 i 55— R 5, UERH
4k AB BUZRHES BB (BN, AIN, ZnO, MoS,.
GaSe 55) H T2 ] T3 S SO AR 15 5 1)
T EAYHE . Ding 45 P 5@ b 55— R A
IS FIEI T 4k In,Sey A /K FJ5 1) I B
Jr i) [ &k, T EH [ & A5 i m] DL A
B FEL 37 I A (001 Sy R 4 kR AR AR A Ak T AL
TR Lin & PR il ETURR T — 2R
A 4 nm ALY T YE CulnP,S, W AR 2 T —
WA, 78 50 C TSR] TRk PERE, 1M HL
T BTF LR L2 100, R T 8417
PERE. X—2SpPRk i T R E LA T2 8i6e
PR RE, XSk AR RS I — 2 4
ANEARG WG| 3. (BRI BLIR BEAR, 1 H kA
PR P ERHL G ARG R, ST AR HL P A 52
IO UE AT A T DA — 2R T A TR
HAFIE TAE 102,
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_ éj g;uu:

MDABCO R, S, rac-3AP

Bl 4 APLESERE ANH,)Xy ZKIRAL A F AR S5 H 09 (a) A3 HLAS R Bk e 1A i = 4R AL -2 E5 F 4L AT (b) Bk HLAH MDABCO-
NH,I; 75 293 K I (9 & 0 25 44 18], A %G 8] v S A WL IE 85 7 1 2 18] 45 K 35 18T, O R P 52 05 T Bk A4 (c) Bk HiAH MDABCO-

NH,L; 7€ 463 K I 1) i Jit 25 44 141

Fig. 4. Chemical and crystal structures of the metal-free A(NH,) X; family": (a) Chemical structures of constituents of the metal-
free 3D perovskite ferroelectrics; (b) the packing diagram of MDABCO-NH,I; in the ferroelectric phase at 293 K. The oval to the

right contains the space-fill diagram of the organic cation, showing the cationic geometry to be close to a ball; (c¢) the packing dia-

gram of MDABCO-NH,]; in the paraelectric phase at 463 K.

224 AL R B MA

AR K PR B R — 2T Y ) 2 LR R
H 2011 4 Boscke 45 1031 & L Si$8 24 1) HIO, #
FEE LA Bk L AR, AT SR 22 2 845 2 AL6Y
Y0506 - Gdl7 | Lal67 | Srl68) 45 50 F Y HfO, th 8.7
T WA, 1 H., Boscke 5% 031348 & BLAE
HfO, H1#B A ZrO, JE B B R B0 T 1 5 i 8k
LA (6970, AR HEO, & WA = Fh i AL+ (71 4y
B BARIH-c (T < 1727 °C). AEH P U 7 M-
nme (1717 °C < T < 2597 °C) 1 37 J5 # -
m3m (2597 C < T < 2845 °C), %X =ik LEHy
FOAS AT FRER A T ), BT AARAE HEO, 2 AN BAT
B MERY. Miller 55 M1 A 7 HEO, Hlin A 44 it
TCEZ A, K IR TR 2 DU 5 AR BE X (R], SR 5 R
T, FERE IR AR T BEAT RN M T ) Y 1E 28
HH-mm2, BRI B HEO, I T2k ik, &
fRER SL A B B R AR B (P, =L R
MR (T, > 200 C). 5 CMOS T2t
5 S RM RE E PERE AT R F R B A A 72,

K BN Fe-NCFETs H AR 4 1 A 1 iy —
FArBUZ PR

3 Fe-NCFETs #y 2t A 7 3%

Fe-NCFETs 1E 5 — g BUR DI FE A4, i
FEAL 1) MOSFETs #4512 5 A8k b ks
SS FEAKE] 60 mV /dec IF (E 5). SS & filiik#n
FECMERE R TR SR, 5 SRR F U R i s —A>
B gl R MR CE . SS BUEB)N, sl
XoF YA T )45 T E 7R B R ) T OGPk RE B
(] s AT LATE R/ AIE R T A5 2 R 0 L 3, AR
PFRISIFE. SS IR A

oV Vs O
- Olog,oIp - 8_1115810g101D
Hp Vo M, In MR IR, s A6 18 2% 1 H
P om = Vs /ows RS, FoRMHE XA B 2
T HE SRR 0, IO TR T HL 2 S B2
AR KN, no= Onbs/0log, oI FR A AL it H ¥

SS

=mxn, (1)
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=)

~

&0

e
— NC-FET
--- 60 mV/dec
— MOSFET

Vo

B 5 o dn A8 5 R i £
Fig. 5. The transfer characteristic curve of field effect tran-

sistors.

FEIR VT 2T F AR F R R B R RE O, BT
BT LT

145 MOSFETs 1% #1445 14 [ R L 72 A5 A 4
6 fTas R IR P A S i 25 AR AR T LUK

m RN H
oV C.
"= 87/15 B (1 * Cins) ’ (2)

Horp Cios AN TZHE, OB . XT3

MOS #1EK UL, Cius FTC A TEAR, FTLL m BUE

SOERT 1L —Jrm, BT MOS #4538 h £

T SRR BUR B, 252 20800 73%

IRZEE GRS, S5 n AEE— ISR/ IMA, B
S In10 - kgT

nz q , (3)

For kg PR ZE 2 WHL, T IR, g R B AL,

Source

6 BRIESRON & PR S5 H R B A5 H AR R A v g 7
Fig. 6. The schematic diagram of a standard field effect
transistors.structure and its eauivalent circuit of capacit-

ancel™,

B bt 1% 48 MOSFETs = i (T = 300 K) T
i) SS Y BEiE i /NME A 60 mV /dec, T X T Fe-
NCFETs K, i TH 5z b ry g pE A
NC &8z, I BR s v Loy g, ji

Chns < 0, (4)

Fir LA om 09 BCfE mT AN T 1, W) SS AT DL 5

60 mV /dec R, (HIF A TR UE S 21T Y
FREPE, T2 e m > 0, H

|Cins| < Cs. (5)

PR, S8 A BT A R A, AT DL St
SS Ik H & & 1 4 1Y AR 2 #E /& P g Fe-NCFETSs
e, T H i B R H A S T e L A AR
YEH, #4547 1 DIBL 3304 B BHL (negative
differential resistance, NDR) RN 29, 238 T 4574
TEBEONE , X AR R s N2 AR A R 1Y)

%} MFS. MFIS fil MFMIS 45 #J Fe-NCFETs
AR Bl SO T 2 255 SRR MR- TOUAZ Tt &
e AR “S” e R 2, TS G S i A
HEEA R L-K A1, 15 214k Akt B R ih £k
HAYAAIE NC X3l 227 Sk MK A L A a5y T
ek F L A RS NC FIBES NC; a1t
& NC Fe-NCFETSs A9 TAE X 5.

3.1 AEMNRELEH Fe-NCFETs

2008 4, Salahuddin 1 Dattal2! ¥ 5542 H )
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Fig. 7. Device structure diagram: (a) Traditional MOSFETs; (b) MFIS; (¢) MFMIS.
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Fig. 9. The relationship between polarization P and elec-
tric field E of ferroelectrics: (a) P vs. E; (b) hysteresis dia-

gram.

HITTE 422, ABHR 7 Qe RN LIS R

i, A
Qre=co-E+ P, (19)
1% T2 B AR, AT RN P> o - EFY, N
Qe ~ P. RIGH IR EE L E = Vig/tes P
teg MR AT BEBY JEE R, AT AG B R T AT Qre

ABUcell 1 15
Vie =t _——_—
FE FE ( q]23 380 47[80) QFE

bpv>
+ tre (qu") Q%E’ (20)

B
HIE R ML E 10(a) Wi, ARYE 70 28 X
Cre = 0Qre/0Vie , W VAR Bl 10(a) H 21 €8 1 25
HEX B NC X35,

(a) QFE

10 (a) BB Qrp Ves KR A (b) B Upp-
Qrp KR
Fig. 10. (a) Qg vs. Vig of ferroelectrics; (b) Upg vs. Qpg of
ferroelectrics.
XFFERRATR, A A e A0y
U=aP?+pP'+\P°—E P, (21)

Hra, pHIN AR R SR, T H B AR

a A BE L Al A3 B REL Upes 5 FUAT Qpr FUC R

ABUcell 1 15 2
U = (a— <
FE <a a + 3eo + 4n60) Qre

bgv>
(o-2R) Qg (2

B
HIER M 10(b) FiR, HRIEHOLHR 7858 X
Crr = (02Ure/0Q2:) ™", ATLLE BIIE 10(b) Hhr
HELRAE X 30 NC X5,
W EaAR T, 198 TR MR AE NC X
B, (R T NC EZ W R A e,
M, TR — DL TZEE (Cp),
I S50 2 PR AR AR S VR TSR Ak ) 1 e 2
(Cpp) BUELE NC X3, AR RS A H e Ak
AL B Y e R i an & 11 iR, AT LB 3, 7E &
BT — il R/ Cop Z 05, REE A HAERY i
S T2k il 2 A9 NC X s, I 4k i 2 Y
NC 58] T FaxE 0,

Energy

Polarization

K11 AFEERAERSR A hAE &5
Fig. 11. Energy landscapes of Cpp, Cpg and their series

combination!®,

TR 1 S R, T A 1B 1 P P08
5 NC B4, HALE TR H BRI S R G 2 ik
S ] B E T Bk i 52 T NGB 77 e . L e B
[ 12(a) BR, MR R RR /M B, BOA N
PR O AR PR e B A
e M AL B 91, Gao 25 1900 8146 T I 12(b) Bk
{11 LaAlOs/Bag sSro o TiOs MEEHHEZEH, Hil1 LaAlO,
A )2, Bag sStooTiOs Ak HL 2, M it ik 245 44
{5 AR 7 J5E B TaAlO, A 5 19 Hh 25 5 1
JERIY Z A 12(c) B, T LR 5], 5 [ 5
() LaAlO, A+ FRIZHILL, # S b A5 R T
KB Bay oSty o TiO, LR 9 HL AN (8.

137701-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 13 (2020) 137701
(a) (b) (c)
Y
DC CrE STO Superlattice
0.72
Vint .
Vac é LAO Tg
Cbg BSTO S 0.66 \

T @ : \
Vio J_ LAO SRS

SR cror ESHC 0T 0 5 10
Vac —D]E— SRO Voltage/V

K12 /M S I e B i NC

Substrate

(a) FFR0E B Y5 (b) LAO/BSTO J# fi% &5 1 78 T8 [ 90 (c) ML 5 L TR AR G 3R 10

Fig. 12. Ferroelectric NC measured by small-signal measurement mode: (a) Equivalent circuit diagram®; (b) schematic diagram of

a LAO/BSTO superlattice stack®; (c) capacitance dependence on voltagel®.
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Fig. 14. The simulation results of transient NCI!: (a) Input voltage, output voltage, and free charge on a ferroelectric capacitor as

functions of time; (b) polarization and free charge as functions of time; (c) charge density per unit time for free charge and polariza-

tion and the difference between them; (d) change in the voltage across a ferroelectric capacitor per unit time as a function of time.
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Fig. 15. (a) The effect of the external resistance on transient NC in a R-Cpg circuit; (b)the effect of the viscosity coefficient on tran-
sient NC in a R- Cpp, circuitl®?.
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Fr AR SS 5 I M4 2 M A7 A — A it
FFERFR, BIASRE R8N SS i [m] i B4R,
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Fig. 16. The relationship between capacitive charge and voltage of the device: (a) Capacitance model; (b)

(c) Cs < |Crg| (d) Fe-NCFETsP!; (e) Fe-FETs!.
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B 17 P i B ESE- HEAIO Fe-NCFETs!''0  (a) #4534 18 i 5 L ¥ .74 4% (transmission electron microscope, TEM) [&]; (b) %l 4%
WAL BE 5 TaN o N S 2 R M (o) F & B4 /R HIXF 2k i 2 584 22 0 (978 B2 18T (d) AS IR BPE S #5040 14 SS 5 e

CIRENIPSE

Fig. 17. Planar Silicon based HfAlO Fe-NCFETs[''0l: (a) HR TEM cross-section image; (b) polarization as a function of nitrogen
content of TaN; (c) schematic band diagram of HfAlO before and after F-passivation; (d) SS as a function of Vpg after different

treatments.
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oh I 25 A 4. 2018 4F Zhou %5 29 SR 4
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TR S BRES RT ) i — 250 N2 AR Y.
Zhang %5124 758 SOT 44l T4n&] 19(a)
B B iR L2k HL NC p-FinFET, HA )2 454
M Hfy 471 5505/ TiN/TaN/TiN /W, % il £ J2 H}
PR 235 ) AT DA 7 R ARk F )2 TR PR AR =2 ) 5 1T 2
0 FEE %) ) S s o 2 L 2 AR B T, [RD s e ke
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¥k, NCFinFET 19 SS 5 M it 3¢ Z& i <&

Fig. 18. Silicon based NC-FinFET!*!: (a) TEM cross-sectional image of NC-FinFET with TiN internal gate, HfZrO FE film and
TiN gate; (b) the gate amplification coefficient as a function of Vi for NC-FinFET; (c) SS as a function of Vg for conventional Fin-

FET and NC-FinFET.

T 16
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B 19 (a) it 48 NCp-FinFET #H TEM [£ 124; (b) IR B i 5 06 2 il 28 024
Fig. 19. (a) TEM cross-sectional image of silicon based NC-p-FinFET!'2¥; (b) Ig as a function of gate length!'24.
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Fig. 20. Two-layer stacked silicon nanowire GAA Fe-NCFETs!'20 :

(a) TEM cross-sectional image of the device; (b) HRTEM of a

portion of the channel; (¢) the GIXRD spectrum for the as-deposited HZO layer.
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137701-16


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 13 (2020) 137701
() TaN (b) TaN
HZO HZO
TaN TaN
) HfO, ) ) HfO, )
p'S n-Ge p'D

10-°

(c) Vps=—-0.05V

Lg=5pm

-
|
g 10-¢
=
<
~
0
£
9
7 i
= 10 k0
o} k\;
3 8 ]
g <z Es
Z S
5 R s
£ 10°8 =S 33
= L5 %
o o
a o
109 1 1 L 1
-2 -1 0 1 2

Gate voltage Vgs/V

ptS

(d)
Vps =
10-6 | Lg=5pm —0.05 V
‘E RTA: 350 °C
= FE GeSn pFET
< Y4
z 240
S N o
< 10°7| 3 &
2 £ 150 .
B > “0&0’0 SStor
3 E 12018 O SSpev
g 2 * <§>
B 10-8[ 5 60p-0 PP
=) 3 > o
)
109 10-% 10-7 10-6
Ips/A-pm~!
10—9 L Il

1 1
—-20 —-1.5 —1.0 —-0.5 0 0.5
Gate voltage Vgs/V

21 Ge k- HZO NCP AR AE 12 (a) Ge VW IE SIS MR EIE; (b) Ge-Sn W S5 1R BIEL; () Ge V0 IE S HE SRR IE

Mh£k; (d) Ge-Sn 83 i 156 B8 Fe it £k

Fig. 21. Germanium based HZO NC-pFET!'®]: (a) Schematic diagram of the device with Ge channel; (b) schematic diagram of the
device with Ge-Sn channel; (c¢) transfer characteristic curve of the device with Ge channel; (d) transfer characteristic curve of the

device with Ge-Sn channel.
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Fig. 22. Germanium nanowire NC-pFET3): (a) The transfer characteristic curve at different sweep times for +5 V sweep range; (b)

hysteresis versus sweep time for +5 V sweep range; (¢) maximum drain current versus sweep time for different sweep ranges.
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Fig. 23. Ing53Gag 47As channel Fe-NCFETs: (a) Schematic diagram('® and (c) transfer characteristic curve of planar devicel'%);

(b) schematic diagram!"37 and (d) transfer characteristic curve of Fin devicel'7.
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Fig. 24. Carbon nanotube Fe-NCFETs!'*: (a) TEM cross-sectional image; (b) P, vs. E; (c) the transfer characteristic curve; (d) Igg

as a function of V.
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Fig. 25. MoS, Fe-NCFETs[']: (a) Structure of the device; (b)transfer characteristic curve of Vi = + 7 V; (c)transfer characteristic
curve of Vg =+ 10 V.
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Fig. 26. WSe, Fe-NCFETs!"*: (a) Structure of MFIS device; (b) structure of MFMIS device; (c) transfer characteristic curve of

MFIS device; (d) transfer characteristic curve of MFMIS device.
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Fig. 27. Graphene-Hf,Al,O, transistor!: (a) Hf,Al 0, films deposited on graphene/SiO, substrates; (b) relative dielectric constant

of Hf,A1,0,; (c) energy difference among three phases in Hf,Al,0, with different Al concentrations; (d) transfer characteristic curve.
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Fig. 28. Black phosphorus Fe-NCFETs!!"": (a) Structure of the device; (b) transfer characteristic curve; (c) SS in different .
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F1 LB Fe-NCFETs HIERESEOTHE
Table 1.  Performance comparison of the reported Fe-NCFETs.

MOS Channel Gate
structure materials structure

Ferroelectric

R tpg/nm
materials /

(mV-dec!)

Planar p-Si MFIS Hfy 65210.3502 30
HfAIO (Al 6%) 10

Hfy 752102502 10

Planar n-Si MFIS
Planar n-Si MFIS

Planar  n-Si MFIS  Hfg 5321470, 5
Planar n-Si MFIS  HfAIO (Al: 4%) 10
FinFET  n-Si MFIS Hfy 521 50, 4
FinFET  n-Si  MFMIS  Hf 471550, 5
FinFET  n-Si MFIS Hfy 521 50, 5
FinFET  p-Si ~ MFMIS  Hfj 471550, 3
FinFET  n-Si MFIS Hfy 521 50, 5

GAA  poly n-Si  MFIS Hf 5710 50, 10

Planar p-Ge MFMIS
Planar  p-GeSn MFMIS

Hf 521504 6.5
Hf,:Z10:0, 6.5

Planar p-GeSn MFMIS Hfy 571y 504 6
Planar p-Ge MFMIS Hfy 5Z1( 50, 4.5
Planar p-Ge MFIS Hf 4771 3309 7
Planar n-InGaAs MFIS Hf 571550, 8
FinFET n-InGaAs MFIS Hfy 571050, 5

GAA  nanotube MFMIS HfAIO(AL 7%) 10
2D-FET  MoS, MFMIS Hf, Zr, 0O, 15
OD-FET  MoS, MFMIS  HfysZr) 50, 15
2D-FET  MoS, MFMIS HfAIO(AL7.3%) 10
2D-FET  MoS, MFMIS HfZrO, 15

2D-FET  MoS, MFIS Hfy 5710 504 20
OD-FET MoS,  MFIS  HfyZrys0, 20
2D-FET WSe,  MFMIS Hf 571y 50, 20
OD-FET  WSe,  MFIS  Hfy 71050, 10
2D-FET Graphene MFS  HfAIO(AL:9.5%) 5
9D-FET  BP  MFMIS  HfysZr,;0, 20

S/ Hysteresis/V Oo;rdlil;s Vb/V  Ion/Iopr Year Ref.
— — -0.5 10 2014 [13)

Sub-25 0.02 4 0.2 108 2017 (9]
Free 1 0.2 107 2018  [119]

~0.1 2 0.2 107 2019 (2

Sub-30 0.02 4 0.2 108 2019 (18]
Sub-30 0.003 2 0.05 107 2018
0.003 1 0.1 10° 2015 (=)

Sub-60 Free — 0.1 107 2019 [129]
0.009 2 -0.05 10t 2019 =4

Sub-60 Free — 0.1 107 2019 [129]
26.84 0.003 4 0.1 108 2019 [0
2.34 1 -0.05 10 2016 (%)

0.41 2 -0.05 108 2016 [

Sub-20 <0.01 2 -0.05 104 2017 (130
~87.5 Free — -0.05 108 2019 [59)
~0.105 — -0.5 104 2019 (34

~0.2 3 0.05 10° 2018 139

0.2 1 0.05 10 2019 (37

— — 0.05 10t 2018 [

Sub-60 1.2 3 0.5 10° 2017 [0
0.5 4 0.5 100 2017 B3

0.5 4 0.5 10° 2017 (o3

2.5 1 0.1 10° 2018 130

Sub-60 <0.005 4 0.5 105 2018  [147]
0.077 6 0.1 109 2017 (44

0.12 2 -0.1 10° 2018 [0

0.02 4 -0.1 10* 2018  [143]

— — 0.1 2.75 2016 1154

0.5 — 0.1 102 2019 (99

5 REEREZE

B AR RRIE RSTEA 10 nm, DhFERE s
AT 20, 54688 MOSFETs #i I, Fe-NCFETs
A7 SSAIX. 7 DIBL &L A4, & T MRk I
HLI G, W AR B b AR T 28 R DA, S Sl
A AR RUSE (R i0E— 25 48 /N IS I 8 R 1Y) A 82 2 it
TR o, B L IR B R & Bk
TG SRS CMOS T 25 3 24 a8, {15
Fe-NCFETs BPERE R AR FE M, i JLAF KR H
B2 LR AR Fe-NCFETSs #) 12 i

5%, aelFr MRt KR T Hil Fe-NCFETs 11
I FH B T AR i (140157158 H T PR I
TR A EAL T PR AR A B i R4S B A AN T
1) HL TS, Ak L 2 Al S B B A R 2 A
FARFEPIRA I REE, B8 — R TR
A PRI b B R R g 199199,

{HJE7E Fe-NCFETs K MU A Rk I H 2
R, A58 BEARDR AR JLAS S ) .

% —, Fe-NCFETs H a9 I B4 i 1B 4
MIAFTERLAG T 25 AR R R, 2R A B
FEAENE AR, 7R Fe-NCFETSs i 1] L)
2 18 IR/ IR FEURDRHEL B | 38 RTA I R 4B 2k L)
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YNV TE FLZE U8 Vop Al Ve 3148 L BR AN 5 4,
MRS S AT, (AREEENE, B TE
Tiir [T LR RN SS Z [ A AEAAE O 22, DR M7 R A1 vt
[] FL R R B 25 K SS.

55, TR A JE FA B ARG IR SR FH PR 4
i FEL R 25 48 T LA X 5 Ak v S22 A YA ) ) ) r 3
TR, AEAR 38 0 T 4 R 00 s e e B, X1
RS e — 250 N R AN i 52 5 S0k
T FL I RN, BRAK T 2R rAe e R, mT LA
HLR S A T A AR AR R B 85 LA Bl T2
S5 TRt 3 A )

55 =, AR RUEE R T I ) — S8 ) . e A
=4 ﬂERﬂLﬂE/\ 10 nm, 4% HL )2 A0 RE sk /s 2|
T 3nm LA'F, Lee 55 10 45 4 1 nm JE ) HZO
Bk e, I E iU AE Fe-NCFETs |- DA 3K 15 BE 0l 1)
SS A FAT ). A& QAR AE 40 K RUBE T A5 R0 4% il
BRH 2 I PR AR E R EIANEZ RN, MRS
FUALER LR AR Y FELBE S M T B — P T
H, BE & RST B0, %?éﬁﬂjﬁ“ﬁﬁﬁﬂ%%
UNE) 38 LU Y s B 116110 T BRI L
SEHLHIFELE AR, LS SAR R R 13T, ﬂiF
— k4 Fe-NCFETs B Y /7.
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Abstract

Ferroelectric negative capacitance field effect transistors(Fe-NCFETs) can break through the so-called
“ Boltzmann Tyranny” of traditional metal oxide semiconductor field effect transistors and reduce the
subthreshold swing below 60 mV/dec, which could greatly improve the on/off current ratio and short-channel
effect. Consequently, the power dissipation of the device is effectively lowered. The Fe-NCFET provides a
choice for the downscaling of the transistor and the continuation of Moore’ s Law. In this review, the
representative research progress of Fe-NCFETs in recent years is comprehensively reviewed to conduce to
further study. In the first chapter, the background and significance of Fe-NCFETSs are introduced. In the second
chapter, the basic properties of ferroelectric materials are introduced, and then the types of ferroelectric
materials are summarized. Among them, the invention of hafnium oxide-based ferroelectric materials solves the
problem of compatibility between traditional ferroelectric materials and CMOS processes, making the

performance of NCFETs further improved. In the third chapter, the advantages and disadvantages of Fe-
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NCFETs with MFS, MFIS and MFMIS structures are first summarized, then from the perspective of atomic
microscopic forces the “S” relationship curve of ferroelectric materials is derived and combined with Gibbs free
energy formula and L-K equation, and the intrinsic negative capacitance region in the free energy curve of the
ferroelectric material is obtained. Next, the steady-state negative capacitance and transient negative capacitance
in the ferroelectric capacitor are discussed from the aspects of concept and circuit characteristics; after that the
working area of negative capacitance Fe-NCFET is discussed. In the fourth chapter, the significant research
results of Fe-NCFETs combined with hafnium-based ferroelectrics in recent years are summarized from the
perspective of two-dimensional channel materials and three-dimensional channel materials respectively. Among
them, the Fe-NCFETs based on three-dimensional channel materials such as silicon, germanium-based
materials, III-V compounds, and carbon nanotubes are more compatible with traditional CMOS processes. The
interface between the channel and the ferroelectric layer is better, and the electrical performance is more stable.
However, thereremain some problems to be solved in three-dimensional channel materials such as the limited
on-state current resulting from the low effective carrier mobility of the silicon, the small on/off current ratio due
to the leakage caused by the small bandgap of the germanium-based material, the poor interfacial properties
between the III-V compound materials and the dielectric layer, and the ambiguous working mechanism of Fe-
NCFETs based on carbon nanotube. Compared with Fe-NCFETSs based on three-dimensional channel materials,
the Fe-NCFETs based on two-dimensional channel materials such as transition metal chalcogenide, graphene,
and black phosphorus provide the possibility for the characteristic size of the transistor to be reduced to 3 nm.
However, the interface performance between the two-dimensional channel material and the gate dielectric layer
is poor, since there are numerous defect states at the interface. Furthermore, the two-dimensional channel
materials have poor compatibility with traditional CMOS process. Hence, it is imperative to search for new
approaches to finding a balance between device characteristics. Finally, the presently existing problems and

future development directions of Fe-NCFETSs are summarized and prospected.

Keywords: ferroelectric negative capacitance field effect transistors, hafnia-based ferroelectrics, three-

dimensional channel materials, two-dimensional channel materials
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