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Abstract

Two-dimensional (2D) materials exhibit excellent electrical properties at a
nanometer scale, such as high carrier mobility, making them a promising candidate to
extend Moore’s Law. With the growing demand for memory driven by advancements in
artificial intelligence (AI), HfO»-based ferroelectric materials are considered promising
candidate for non-volatile memory due to their VLSI compatibility, fast write speeds, and
low power consumption. FeFETs, as one-transistor (1T) memory device with high
retention and endurance, hold potential for future in-memory computing. However, as
devices are further scaled down, bulk semiconductors face limitations, such as decreased
carrier mobility due to surface scattering, short-channel effects, and heat dissipation
challenges. 2D semiconductors with dangle-bond-free nature allow these materials to
maintain high carrier mobility and reduce the leakage current. This study focuses on 2D-
based FeFETs using MoS; as a channel material and Hfo 5710502 (HZO) as a ferroelectric
gate dielectric. First, MoS2 MOSFETs with SiO> as a dielectric layer are fabricated and
characterized. Then replacing the oxide with ferroelectric HZO to fabricate FeFETs and
investigate their device characteristics.

In the first part, 2D FETs were fabricated with highly doped Si substrates serving as
a bottom gate, followed by the deposition of SiO> as a gate dielectric and Cr/Au as
electrodes to the source/drain (S/D). Then MoS; thin films are mechanically exfoliated
and dry transferred onto the sample in a nitrogen-filled glove box to finish the processes.
2D FET with 100 nm-thick MoS: achieved a high current on/off ratio of 10° under an
overdrive voltage 1.1 V and a subthreshold swing (SS) 150 mV/dec. Additionally, another
device with MoS; 20 nm-thick, using graphene as the S/D contact, the on/off ratio is
improved to 10°. The workfunction of graphene decreases as the voltage increases,
forming a better Ohmic contact with MoS,. Furthermore, the SS is improved to 90
mV/dec, which might be attributed to the density-state switching by using graphene as a
Dirac source.

In the second part, four different oxide stacks of Al>O; and ferroelectric HZO are
investigated in metal-ferroelectric(interlayer)-semiconductor (MF(I)S) capacitors and 2D
FeFETs. For the capacitors, the stack with Al20; on HZO shows higher remnant
polarization. The presence of the cap Al2Os during rapid thermal annealing (RTA) step
leads to an enhancement of the ferroelectricity. For 2D FeFETs, only the stack of Al20O3
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on HZO showed counterclockwise hysteresis loop of I-V characteristics, a signature of
ferroelectric switching. Other devices show clockwise hysteresis loops, which is
attributed to the charge trapping effects at the oxide/semiconductor interface during the

gate sweeps. A higher density of charge trapping may counterbalance the ferroelectricity.

Keywords: MoS», 2D, HZO, Ferroelectric, FeFETs
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(a) FeRAM (b) FeFET (c) FTJ
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time voltage voltage

Bl 1.6 (a)4 7 “E18 5 P 3e A (FERAM) > (b)4#i T 25§ & M (FeFET) 2 ()4 © 3 %42 & (FTI)[19] -

ol 1.6(0)Tm  HIE T A E A P TR R R R R AR R

P lRd AR F 7 %7 FE(Tunneling Resistance, TER) » = ¥R | 7% F 7 %%
T BH R ARFL WA TR REL T 0 R TRERIE  HET
Fox TR Hd BRI MF SR AR~ DA Ao R 1.6(0)T AT
< SRR P R AL FT) R ehg i R U0 o e R o ek

» + g T {73 & (Parrallel Processing)[19] »
FeFET ~ i* & 1960 # i3 ) > Moll £ Tarui % 243 Ml mp= 4 4 i
(triglycine sulfate, TGS) ch ] & & it Fr 2 7 02 3 41 2 F #4441 £8 1 48 (cadmium

sulfide, CdS)e% R 7 J7 (Space charge)[20] » ¢ ~ it ¥ feic % » @ Zuleeg &2 Wieder
B EB R RS ET R A BT L WA &7 R[21] 0 ¥ FeFET &% ¥
#it o 1974 & > Wu 3 £ 5 - % FeFET & #% £ B4 T -2 $4(MFS)2 (R
1.7(2))[22] » & * 48 T 418 4% pe g4 (bismuth titanate) &L 17 @ B4 o o fd B HE
gL B BAT G £ -5 AL EMT AR 0 3 P2 s WRF A
FHSHET M 2 MFS S5 8T Mg e =+ B #ic(inter-diffusion) ¥ 48

[23][24] > ¥ %° FeFET ehze g i 1% > Tt G4BT A & L MR T 54— K3
R ¥ % 4 & K (interfacial layer) » + #L 5 % 4 (buffer layer) > 7} = & B-46 % -1 T

-L S AE(MFIS) & H(F 1.7(b)) - #c ¥ MFS BTG BB AT « 5615 » 35 5 7 b 4T 4%
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b
B MFS ) M MFIS

LA

B 1.7 ()MFS 542 (b)MFIS 42 FeFET =~ i 7% & BI[25] -

FE

[/

# (perovskite) 4% 7 1 4L 4 & 4% A4 4 (lead zirconate titanate, PZT) ¥7 4r fit 4L 4%
(strontium bismuth tantalate)pk 5§ & * >t 7 £ [25] » 4o Sakai % 4 % 4 5 * SBT 47
i 4l ¥ FeFET[26] > B R sl & i 1.6 V> * & 4 & (endurance)§ >+ 1012« e
AMSEEFGHRZEEFIP LN APFEL LT ED L TRRYETR
2 GRT 0 A4 HH R F 50 100 nm[25][26] 0 F & 2 pkEAE R -

& 2011 4 » Miiller % 4 #% 1= § i 4 (HfO,) 9% ’ﬁ BT R RRT) A
FH e b AT AR R T8 PR AL HIO, ¥ 1T 5 F 41 % ¥ & B (high-k metal
gate, HKMG)eh 4 & F[7] > /B 82 CMOS #l4z4a % » o * » HfO, £ § 2+ chipm
T H(~1 MV em™) & 4p #4147 65 ML M h 4 T 4 i(k=30)[7] » & HIO, tdicd # A
BT o RBMAFGIHEA T O RMEAL § 8 B2 TR 3 A 4 (retention)
A R HIO2 48 7 8L 2. FeFET il % B o HfO2 48 % +#L 2. FeFET # & B4
Bl 1.8 #57F » 2011 & » Boscke & * @?i'f‘“"" i# HfO, 2. FeFET[28] » ~ i¢ & ’f#?}

ferroelectric volatile passive 22 nm FDSOI co-integration
doped HfO, FeFET FeFET arrays FeFET FeFET + logic
@ ferroelectric ° Y nanowire MFMIS
HZO FeFET HfO, FeFET
/// L T T
2007 201 2012 2013 2014 2015 2016 2017 2018 2019
/a
(¢} o (@) (¢}
first HfO, multi-level FeFET BEOL
FeFET FeFET synapse FeFET
HfO, introduced 28 nm HKMG FeFET reliability active 64 kb vertical undoped
in MOSFETs FeFET studies FeFET arrays 3D FeFET HfO, FeFET

B 1.8 HfO, 45 7 +#L2 FeFET % & i & M[25] -
7
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(a) (b)

N 254 3.1mol% Sio'z ' ]
l = —@— Initial Vt -
- 1::' & 200 _m— Program '1' -3V 0 i
X l lJ l lJ 1 l D %15p-+PI’09ram0+4V ]
l - l ®10ut |
-~ Vb — o SH 1 ]
ol

Vg [V]

Bl 1.9 HfO2 4 % #4# FeFET 2 (a) ~ # B £ (b) Ip-Ve & 1L £ B35 % [28] »

4Bl 1.9@)#77 > % MFIS %4 > Ip-Vo THEE RIS % 4oBl 1.9(b)#7rr » B~
1V RAMART o €6 > & J1[29]¢ > Miiller % £ 3 % FeFET £ & 3 28nm
APTRBTHAE A iR AR
7P FeFET ¥ 143§ B3] § {8k f& (multi-level) » & 5 = &2 5 =~ e Rt i d o ¢

s

HKMG % A2 5 e B2 : 4[30]¥ »Mulaosmanovic %

¢

FAR-FeFET B 3| { ~ 7 2 ae R Ls|[31]> L &hT § [32]& L8 HjFe FF
£[33]> 113 #-FeFET &2 BiB 5% & t e — 1 % % [34] > #& 2 FeFET fdt » 5824
JT5 35 M (embedded NVM) s * ® ¢hB i & » 8 4 %38 % 4474 2 (neuromorphic)
W e A P (logic-in-memory)i® ¥ A7 58 B LA o L i > % - F g
(HfO2)45 T #1414 ¥ FeFET % £ B2 » FIH ¢ .18 CMOS #l4zdn% - 23 B &
B~ B JL iR BE[32] ) FeFET £ 8 ¢ S8 (1Dsig~ 2 » 3 Z#hhd

T e e R EE LM E AR S G R 0 2

NAND P s {4 3D -8 st dp 6 4o F 45 * 5 fo# i if £173D £ 3 FeFET[33]-
%L1 7 F 3R g dcR 1 R]35] -

CMOS Mainstream Memristive Emerging Memories

Technology Memories
NOR NAND RRAM PCM STT-MRAM  FeRAM  FeFET SOT-MRAM Li-ion
Flash Flash
ON/OFF Ratio 104 10* 10-10*>  10%-10* 1.5-2 10%-10°  5-50 15-2 40-103
1:)4:::11:;1 2 bit 4bit 2 bit 2 bit 1bit 1bit 5 bit 1bit 10 bit
Write voltage <10V >10V <3V <3V <15V <3V <5V <15V <1V
Write time 1-10 us 0.1-1 ms <10ns ~50 ns <10 ns ~30 ns ~10 ns <10 ns <10 ns
Read time ~50 ns ~10 ps <10 ns <10 ns <10 ns <10 ns ~10ns <10 ns <10 ns
Stand-by power Low Low Low Low Low Low Low Low Low
Write energy (J/bit)  ~100 pJ ~10 1] 0.1-1p]  10pJ ~100 f] ~100 f] <1f] <100 f] ~100 f]
Linearity Low Low Low Low None None Low None High
Drift No No Weak Yes No No No No No
Integration density High Very High High High High Low High High Low
Retention Long Long Medium  Long Medium Long Long Medium
Endurance 10° 10* 10°-10%  10°-10° 105 1010 >10° >10' >10°
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? Fieit oot e 1.1 #77[35] FeFET ¥ M iE: e % 7 R ik 428 F
5 ma(Multilevel)df it > H is iRBLe Z PR B > 2FPF3 R -3 RUEBE - 3
%73 P ¥ (Retention)#? % @t A & (Endurance) » & 3 B~ R P o [RAR 4 > T 7 &
A KiE* e R P 3~ B (In-Memory Computing) » FeFET &~ ¢ g™ » 12 ¢
WGP R s U] 0 TP A B - BT 5 FeFET i if i (747

;L‘“ °
14 @< ¥

AT b - FAEAE ARSI R C BHP AT RS
TG AETE G A RER TRl R THHA-f&
ATAR AT So R KA P DAL e R R Y - R T L BT R LA
P iAhmyed by - 3 vhp- E]‘n%ﬁwao‘f@'w?ﬁéwgk SV gl R
T S R R AR AR R A WA LR R AT R E A

A ARZFRY AT R N BT HALE 4548 HZO) 4 b § 4R
(ALO)FL AR A > WiT&B- 1T A-#(MIST 7 BHEFR-E2R > A7 F
Mg BT BRI AP BT I T B A TR R 2
PR T LT A PRF Y RS e FAF 2T RS I RN EH A

BOREHT UEDE S BEART UL O o
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$2F - miv4adnd hEl
2.1 = mriv 4a3cf é’giﬂ’l’fjé‘?’éf
hiEd L+ A& - zi 48(Molybdenum-di-sulphide, MoS2) 33 7 & R8AL R 242
36]) = gt dp RS E M I BINLITE S 7 g *"pg}%“ R
BrRFEBAR Wﬁip\mm%ia*ﬁi’?"?”B"'*Pmﬁi“@‘i% i
= iR
BB BT EREADT IRy T2 85 RA LR Fo LRF LT PIE
= Fri i 9 5 1.9 eVI3T] 0 58 2 JR[38]7 & TIS I 5K - AR I
f 1.87-1.83eV Bl 0 2 ME= Fr it BBl dea TRE > S FRitdp e S BT ok
FIT MM PRFART N FP g &IP3 T RMEY -

% Tﬁ(Graphene)lF FRCTE ETIE AR . R IR e el Ay

Bruendgrcq MU TS g > M ontype Wi T WA B 0 @ p-type #

T5 R EFRAETRHA 4 0§ TP PRI (530 F # % (Inversion) » pt pF L 3
Wi F &5 d ptype £+ (LiF)F # = ntype fF(TF) o @ = Fit 40522 K1
RIALS Bt = ~ 2 [36] 0 § & in 303 pRIE 1520 R 4 % (Accumulation) » & #-3 fu 4
MP RIGES 4 { f T RBBUENTF A4 T S E 2P T 0
R EG RE A EERE P ROE AV EREY FRRBROF AFFLF
f & (Back-gate) 2 f 5 /& W 1&(Bottom-gate) » ~ i 4 4e B 2.1(a)*7T7r » 3° 45
EF LR ESAEITF ot piTs g B4R EHERTL REY

At P FERFUAEEHIGE S LR WL LSRR BMAF T LN

X
w
T E i L s ik & W78 W &(Top-gate)?; = W & (Dual-gate)

(a) (b)
MoS, Top Gate

Source W Drain
Source Drain
Oxide

Rl 21 (@ARESHEEOERBESH(E 2 EMEE AR E)Z - Fi a5 2T htls s LR

Oxide

10
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(a)

Drain

Bl 2.2 B - Frit4p e 5 3 ended B2 ()~ &4 #‘T‘%
21(c)™8 A & Ip-Vo £ R % [39] -

[36] » = & B A4 2.1(b)*F 7

IPECATRLE 3

h oL
w0

i

PR

o

270 nm

Top gate Moﬂolayer MoS,

Source

Sisubstrate

A B R

2011 # > Radisavljevic % % 5 @ & m ¥ & =

BT BT BB R
4§ﬁ$’«@ﬁé?&@%#&ﬁﬁ%wg;ﬁi%ﬁﬁﬁ’

B B vt (On/off ratio) &2 -i&

10
350 y Vig=0V Ve =500mv |
10 1075 :
100 mV
300 & Vg, =10my 1064
002 o | 10 mVl
250 3::," 17
104 < 10 |§
200 ‘.' ] | & 200
| o ! Z 10 ~ Vo= 10mV
~40-20 0 20 40 5 I~ |
150 V,, (mV) S w0 FQ <
u=217cm v 3 Le £ 100 y "
. 3
100 ; 10 : . E s
Py 0 fe N
, b e s=7amvd
50 ; IR P -4 N 4
s £
o " 104 |
-10 0 10 -4 2 0 2 4

Back gate voltage Vi, (V)

BHACR 22)%77F 0 B ERBRS KT AE &
HZ F VA (SIO0)TF S F R o i r RS A 3K

R R e R
BB &L Snm B iR B et

Top gate voltage Vi, (V)

()% M t&#F 45 Ip-Vo RIS %

S D R~ S A S BE

4 i Ak B (Off)

k7 3% & & (high switching speed)[36] -

Foit 9 1F 5 54 60T & W[39]
P—a;:,\, }-%-)irw

D E RS 0.65nm

HE -l r s id ko Bl £ RIBEAE RS F iR ©

fs ‘g‘-ﬁ

Ff T lp-Vo i

~

"o/

CEEE T

A E

P L
)"MoSZ =4.0 eV
Ec 7Y
EG =1.2eV
Ey 2
Bl 2.3(a)= mrit 4p

BB 5 30nm sz F i 48

B(HFO2) » B fs WIFER iR o B
Bl & 4B 2.2(b)7m 0 d f R BRF R I
B e e J ntype W Bagﬁﬂ' E —:;—B"‘/"%‘)I?—J'

;8 T,

EREPL A R
TR I AP
# F 3> 200

1
i e —_— S
1 - = Ti
| 0.8 \
1
1 =
C | g 0.4
i 3
1Ty =
¥ )lllTl 204
ot
e tM‘.52=10 nm
JNi 0.2 Vps=02V
o Pt T=300K
3 2 -1

Wee 72 P EH2 IDHE Vos-Vu £ R % [42] -

11

% & 4ySc) ~ & (Ti) ~ BNDE &PYLF 7 LBBEb) 5 k- it d FIET &
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cm?/V-s o #-A {4 150 BRI M &S 4 T 0 lp-Ve £ RS % o B 2.2(0) %77 0 B
Vps 5 05V igi2T o - it ga? BMERLEE 10T mEB Y > 12 feft ity
BT 74mV/dec Fli B A ch- giit4p? T F 5 AP ¥~ 05 22 £ (Effective
mass) * B U IRIEE AR T 0 M MO TR HRtF E[17] 0 BT E ?1“% H /é] s
Fri 40 3c T S MG 2E T 12 & i (Silicon films)[40] 2 fﬁ *
(Graphene nanoribbons)[41]4p iT mg\ + B F o
BRI mT PRI ABRFE U - it E DL R WwhiRE AR
B - gt ap 2 B ey g%fgz’?% R T oDas £ AT 2 REFEBHY S
it WiET LB BM42] mritdp B U 2 B 3 BT R Bl
23@) 7 0 SEAR ) DE B E R E BT B RK S FE T - Rl
penT FHArd N5 4eVo ol B SR £ ik B SBGE 35eV e
KA B ad b 43V B ERaT - A AT 0 AR B
Fol i FIP 3 R OT REE TR 230b) FEMEEEE AR
A S g HAcs (3B L SeV)Eam(# Bk 5 59eV) o gt dp g i
SN AEER W ST 2 N £
B F]FABRR ~ F F ok R g CEIIR S Late ¥ AV RAET F
EETHREE AT RET W3] ph o P RET B2 E
o

EZBRB R M2 Ip-Ve BRI BEE IR 24@) T - B2l AR 2 REP X
90 CHe# 4 | FFiEER - JdB? 207 '/’%"'@%Wu‘ﬁ)@“ vig B IR
B P - BRFIGEBY SR F FRN oA A G o R FERIFT IR
(a) (b)
0.5 0.5
— in ambient before vacuum ~— Dry Air
0.4 —after 4 hrs in vacuum 0.4{— RH 12% in ambient
' — RH 22%
L 0
€ 0.3 z 0.3 RH 60%
B 0.2 2 0.2/
0.14 0.1-
0.0' \J \J 0.0 A \J
-30 -15 0 15 30 .30 15 0 15 30
Vgs V) Vgs (V)

Bl 24 @ e 254 | e R GEEY AL -t AT FET S I-Ve B RIS BlY ER

AT LR e (b)RE A FIRAT 2 Ip-Ve £ iRE%[43] -
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HHo#F FFRERBATHILIHIMD D Ve 2 RIS % 4Bl 2.4(b)#m » # it

h
W
T A RBRRIEE30 ASBEERRENITF Y R ERES ] D

&

AR EFRB BB T AME R PEE RS EH L R L RAEER
BHEB R LR R L 50 bR RlER R A BRE lF o - R

AR B A A E T AN ICHRB T AP RIER U A R iE R AR B
bR R T 2R o

22 it eaHEAH
SRR AR B S - KA (Mo) R AL R FR(S) R T L AR B & Fhom]
257" » BB A XS 0.65nm > SR Ao 2.5(b)TF o © A 3B s H
Ltk B BT ACEL T PR Y AeB] 2.5(c)Fr T o BB R Y B R A Sl A A 24 R
Fos

1
|

PREEY GERAYMAER ISomaz § o 2P S
vd BRI E-FBERF A HMEFFRB Y 2 mRDOB ML R4 B 2.5d) 7
BiTRBY BN o it ERZN20nme A+ FEMERNE STnm e

—=

(a) b

2 '\
20‘» {

f MosS, thickness ~ 20 nm J‘

0; 1

)
0 5 10 15 20 25 30
Position (um)

Bl 2.5 (a)= Frit 40 & WS HE RIARBI[39] > (b)= ARt dpB R T > () An i 4R 22 T & %5 6 F R jic sl R
Y d BAE RS B PE G ARM PR B % 2306 3 ARG AR -
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£ & sk # (Raman Spectroscopy)®_— 8% kA7 3 Hdl & fdmd 58 = 2 o
PR UL KRG SR REHS > kBT 24 T Fr AT R
FBlAsfTeEa BT o H5 28 KA (Raman shift) > 7 05 8 12 iR 8 B0 o
% L E S32nm Rk T ST A S At 4 b ek & kS % 4o B 2.6(2)4 T 0 S
e R oKL L B B RERY I BRI RIB A4 RFEmRT o

LGP & B4 300 cm™ ¥ 500 cm™ B P FIRA B 5E R B 0 382 om $ T
% (in-plane, El2p) 3 &+ ik » iR p *M 40+ R F T & P chded 7 5 0 7 2 Bl4re
Bl 2.6(a)¢ %3 #77 ;407 cm™ $H& ] =2 T & (out-of-plane, Alp)¥e # B ik 0 o 3=
Bl 4k A S T G RS 7 A BACE] 2.6()¢ L2 fra 0 JURE R E %
T & ind ¢ F15 - QA PR 2 ko F RS pdp i [44] 0
3% % % (Photoluminescence, PL)&_— & #bdi i &7 2L 3k 2 cn 2 > % SN R o
WM F PR R E k3 ho T ML B 0 T g ALEE AL Y BRI RS
MU GEEFRPT I EARF Y P FR L TN AT BT PR LR
Mo B I o kg okl Hok gy $RII - H Ak - pitgpl 3 2 4&a0
B g F R4 SRIATRUN > T8 B ¥ 2 EY e R { £17[38] ¢
% k£ 532nm enk kT b h s ARt AR ek B kR Ao B 2.6(b) 7T 0 K
Bhi B o dhi £ o kAR E 678nm NIREEYE E o HEI MM 95
1.82eV > v gripd ¥ 5 & - grit At AR 4 [38][45] -

(a) (b) Energy (eV)
225 207 191 1.77 “165 1.55

g — 1.82 eV

= - '

U ©

= e

N o

C -

2 g

E - —

300 400 500 550 600 650 700 750 800

Raman shift (cm™) Wavelength (nm)

Bl 2.6 (a)= Fritdp & ¥ > B¥ 3 RIER 5 REHCL T L RI[44] - (b)= A it 49 L 35 L L -
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J

2.3 (£33
SRMHET WO LR T HESE WEAAE RIS - B F LD
AR F R T ML A M S WITRARS @ T R hE R )

b LR AR R & B > BS REY Z BRI R ke

HugRewrm=? o913 THMWE AT MRS 21 £ 175 RiedE i

A E R AR 2 mriidpe A2 A FIRARACR] 2.7 1T 0 & 3 RIARE BT R
B> B P 4o T () Y BRSSO AR TR BT A S BN
BELCFELEFRELF R )Y REEE A EFINE ER S
20/200 nm 4%/ & T A R &G o ()~ 2t e 22 g ke > & 2 gk Ip
AR ERR 0 (VI B EEE A E D G4 BER S 1030 nm 4/ 4
F5RRE AR A REDE RIS T 5 3 L p0] o JI (s - apid
AT AR (VY g (Liftofh2 4 Sk 12 £ WE TR
MAREE > (VR LR D FIT AT S ST AR BB 0 RS e 3R
BRER (VIDJIF BEEE AP DT G4 BR S 20/150nm i/ £ 0 iS4
BENERE LT TEE L RERRA LT R R § TS £ R
(V)] * §TN A2 R B EE s AR E Y EBT B g B o A H

(i) Si(n+) substrate  (ii) Back gate metal (iii)Define the pattern  (iv) S/D metal

with thermal oxide  deposition by photolithography deposition
CriAu CrlAu Cr/Au
SiO,
Top view
Cr/Au
(v) Lift off (vi) Define outside pad  (vii)Metal deposition (viii)Transfer 2D flakes
by photolithography and lift off
CriAu  CriAu c,,Au CriAu Graphene as contact
Graphene Graphene
MoS,
Side view
Cr/Au Cr/Au CrIAu Cr/Au

|

|

|

|

|

1

|

|

Top view 1
|

e

Bl 2.7 - mnit 43 d LA R RIART R B o
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Tt s M L FHmaip o

Y Lz g4 E GRS B § Ap it (CVD) & 4
BF kit a2 LF BRI T R
FEAREA RVRIIORFER AP BRAEILEERPT &
Frit 405 P Gk EaT R B o RIAE I B0 Uk e B R
R S e M e B B 0 T O] R BB B [46] o
WP o W AERE NYE > R FAEE B 0 # % Scotch(& M) F L H - At
Foo F L F T E S T AE § 2 (PDMS) s A 4R > PDMS 5 - A HY K

ﬁgﬁiﬁ%Wﬁ’jfr%éémﬁ’%ru%&ﬁTﬁﬁT”ﬁ

L3z 5 CVD 4 *
HEWERET 145 4L

MR

SR RE N ES T S R RSAT]48] ) R R F RS A
PR R o R S HE A A AR dpeh R RIAc B 2.8(a)0r 0 B B
B 4o () #s R AR B A L DREBBAM  LEF G 5 A

?ﬁuﬁﬁﬁmm%%p:ﬁﬁﬂ%aﬁ%%ﬁwmﬁ%%%ﬁmww,jfzr
#H A E (V)T I # =0 TR R B 5 AeB 2.8(b)H o 0 ()5 =

2
Fr it A B4t 9%

iy “a.%j;}i,;j_l;l%{-ﬁ ’fﬂ"ﬁ}%‘j .

S
EHIHRSDERRA L

s () AR £A2 8 A F o it sp ?

AFEHEY T ERPN DES
H o G s ik PDMS ARk A figl & b 14

- Gii)F 71 Sl

B A g kB s R

B G RT A BEFER YR 29 977 0 BT F HRMFE BRI 1 s

(@) (i) Put bulk MoS, on the Scotch tape (ii) Remove the bulk

(iii) Fold the tape (iv) Detach the tape

Bulk MoS, MosS,

O

Scotch tape Scotch tape

(b) (i) Put bulk MoS, on the Scotch tape (ii) Remove the bulk

MoS, MoS, flakes

0o O

Scotch tape

' 5 Repeat (iii) & (iv) 5~6 times

(iii) After folding and detaching
the tape 5~6 times

Scotch tape

Bulk MoS, MoS, flakes

oY
Scotch tape N

Bl 2.8 3830 A gz o g

16

Scotch tape

MoS, flakes
R

dpa)infeT L BEODL)F SR Y -
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(a)

PDMS wnlh , Glass slide
2D ﬂakes\ / 0«6
Sample 3

33—

B 29 L2HPES 2 (T LBI0b)F SR -

(i) Put PDMS on the flakes (ii) Peel off and the flakes  (iii) The flake is aligned on top (iv) PDMS pressed (V) PDMS peeled off slowly and the

transferred onto PDMS of the target device against the device flake has been transferred
PDMS
2D flakes 2D flakes PDMS' 2D flake gy 2D flake 2D flake

PDMS = “
[ = P Patterr
Scotch tape Scotch tape — —ple ample
Bl 2.10 #£:8 PDMS # 4 = Frit 4p 2 iiAeT LBl ©
FRTRIPR I feARL 2 foaRs o B o By - L sl ebdeg
ﬁﬂﬁﬁuﬁwﬁ&’%%3ﬁ4?Ni@ﬂ§$9ﬁﬁiﬁﬁ$ﬁ’%%5‘
TETOVUAERER LA P afid o KB 6 5 ’i‘-li?."!?%fiikﬁi%"%

BT s et et hRET o 0 WL 8 SR ETRY
ﬁié’%%9?ui@%§§£¥ﬁﬁi§°

WA - AHET S 6 Ao 2.10 “7 » (i)% PDMS BEF| © 44t - @
HAL R F b () o R 8 4542 PDMS - (iii)i5 (B8 A5 % sudo R e i
ERCIERE o SN R SCA e E%?]’W”(lv)'f“ki\yi”rsﬁxéf PDMS
B SE G REE 0 (V)#-PDMS ¥ fdrac it 5 - il g kst o

=H

<k

24 ~ETHEER

A AL TR MET RGN G TR ERZ BT L 2
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7R B4oB 201 17 0 iR 40T 0 A AR 2.11()5F K- F 4 # B A 100
nm - F &G s & EH 0 MoS: &R K 5 S5nm 5 A B(Rl 2.11(b))iF i+ K =
FUOPER ISIme 7 &8s &1 £ MoS: B & ¥ 5 20nm; = 2 C(R 2.11(c))
SF LR F P ER 1Simo iR B &Y T58MEH MoS 5§ 5 100nme
A Vo F SR 2120247 0 Gidh i ART I 2B R4 AR S ik
THEI ARG RE R T RRTE B VRS SB[ A A BRTREL 1V
500mV -~ 200mV ~ 100mV o d 2R ¥ 'l’fp‘ % Vps s VB 30k
BRI L3 105GERT RS L1V) % fek ftgabo] 9% 120mVidec - = i B
1 Ip-Vg o S4cB] 2.12(0)*77F » T LM OT I BEM G5 105 & = Rk i)
B9 % 90 mV/dec o ~ 2 C e Ip-Vg o 4B 2.12(c)#77 » 7 Mg i M
gL 100 TRl g ] B9 5 150 mV/dec ©
(a) Device A (b) Device B (c) Device C

Graphene Graphene Graphene Graphene

Cr/Au Cr/Au

Qi
Bl 201 —piitdp T M2 2T ARE LT HAERY - FR2ANL (@2 A F itk F 1
P ER IOOnm’Z-&JTﬁlpL—*#{-W#‘% G)y~= B3 it k= F “FER ISim- 7 &% is &1 &
Bo(@~®Co i E-F "#ERISImM > 2F FEFFLRMER -
(:9210_5 Device A " (}_)210 . Device B
| <
800N
=600n
*400n
- c
1200n
n1“1345 012348 Q“’“s 324012348 D1“13'-s4-3-2-1 012345
Gate Voltage(V) Gate Voltage(V) Gate Voltage(V)

B 212 AR 497 B2 IV BBl % o Au|L 1 (@~ A ()22 BE()~it Co
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W A(Z F Y AR 100nm)E & B(Z § Y& B A 15nm)andEid T
4Bl 2.13(a)¢ LML ERTT 0 A Bihf L ERE 0 B F Rk PR R o aid
FPRFLFFAIDFOFPALCBFRAFATH AR AL E BRRAR
@9wﬁé85V$4V’ﬁ%@éé%ﬁ%ﬁ?%?ﬁﬁé%’&Wﬁ:ﬁ“@
THRMORATRET - ARG A T% > 2  FLRED- i 4pdn
3 x4 F K (depletionlayer) > 7 £ %4 { f IR BEUEFER T Z2ERF > F - A0
CARE R AN ERA R TAR(N S 60 nm)[49] 0 MIRT R { B onp Bl o
TFOERBPATRAL BB L 22F&RY > L AZFt 45 R 5 55nm
o BROmm)E > B ERL fTRA TR R R AR AR R OTRR
TR T W AR R R R DR R F RS FE R TE
FRERAE AP CRBERAEBEHETFER) O T & RS DTR[S0]
BF oA BEARCHIp-Vod > BRI Adi* 7 B > 12 Graphene i
S RfE & Bl 75 (On current)fiz < > * o 2 il F e B 2.13(a)¢7 T 0
hApl F Mk B R (15 nm)T 0 Au & MoS; Fl# Snlic L @ A FaF A R[51] 7
fo* e ff % re > @ Graphene en7 S g g 4 TR A @ B0 ¥ 08 MoS, A
R RS2] F R PRATECRFRELT IR ARBEAECRATRY
HE-35V> A —*Z;T CRERAR 2 Caz fit4p R N5 100nm > i < *°
~2 B 20nmy EHmt BERBREEATR i ChOER G L LPERA
TRDF]F o

Z B e R g ] BB 2.13(b)ArT 0 B i X TR e #

(a) (b)

Voy=3V
—~105.2 : ‘0180
<L Device B: (1) Device C: Si0, 15 nm
r 15 nm Si0, O w/o Graphene
c 5 w/ Graphene =~ 150+
m10 > Device A: Si0, 100 nm
t §1 20 | w/ Graphene
S 107 Device C: c
15 nm SiO, "= 90 @ _
c Device A: w/o Graphene E Device B: Si0, 15 nm 3] A13]
O 108 100 nm SiO, & w/ Graphene (7)) 60 w/ Grapheng A ‘
0.1 0.2 0.5 1 N 0.1 0.2 0.5 1
Vps(V) Vps(V)

B 213 (@)= 7 =~ & E3d § 02 (b)= fof ftfd] & o
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Normal metallic source Dirac source
E a E a E A Ea

DOS(E) n(E) DOS(E) n(E)
DOS(E) ~ E° n(E) ~ exp[(Es-E)/KT] [ E E -E n(E) ~ (E -E)exp[(E--E)/KT

B 214 1% (- &g ha O TR REIRERAERAEE AT PP FHET LR
[54] -
PAABRTE FAVRAZASAEBEREZIN) A BALEEER 2R
Ty CEERAR I RFUFNIRET FABRTRT XRAHE T ESR
25 1SS = (1) T (1+72) 2 k3t wd oo T 2 ER g5 AR
FHARE CpELi%RF Cox a1t %??i»?,"z%$60x=:—i’soxé§ vk
TREFE o §FPEER P FICARRRENRT » CE@t 219 SS T
RGO L Ry RS c BRFVRAEBE AR C(ZMR
L) A F LYWL F &Y Graphene w5 4 £ > & * Graphene # 5 £f§
£%7F wmaSSy # R F¥ i £ Graphene & ft 4> 5 (Dirac)# #2[53] - & H AP i
e+ @ ¥ A4 & fHRRE & o R i % & (Density of states)il ¥ 5 - ¥ ¥k AR
T FBARATINRA AL AT LR IRERR BT FIRHRE AT A A
£ 1% & ¥ (Long thermal tail) » 7+ & Bl4c®] 2.14(a)*777 » *LF] 7 = f@fh forg e | &
(KeT/q)(In 10) = 2@ § &£ B A AP > R E B RN E R
(DOS(E)~Epirac-E) » & > T+ & &7 s s e+ h# e = > 5 L Bl4c Bl 2.14(b)#7 77 >
THA iii,'ﬁ,’ e L EP o gt Bl et iR Bt [54] B R[47]7 5 iR
AT A~ ® SS MIT 70 mV/dec(& & * Gr T35 & > MoSy B & 55 12
nm)#? 74 mV/dec(i# * Gr iT 5§ > MoS: B & X 5 20nm) > 25nm = § i“ # i 5
MieF & > 5 847 SSEV & R Fli MoSy 5 & #E » R $1:8 3 i 4 #47 -

25 MEEPR
b4 R R E RN Ip-Vo  RAcR 2.15(@)# 7m0~ F L B 5 15nm
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ZF vp > X EFEH R Graphene s &f§ &% 0 B ARY 300K %3 4K d F
BREFpd o FATTEFEATES T A AR Y ke [ (impurity) 3 H 4T
S FI[SS] 0 B ARRF B LRI L RBRTHEE S R OEB S
222 R[SS][S6] i R AP 5 o T o MRS TRETE R M Ao 2.150)5F T 0 @
A TRLERTEA A B 2 g A BoNEEE K - AT S
Wi 7GR B RI[SSFST] 0 % RRTTRR T REAEE AR T e b2 H R T L -
Rt AR SR RMEE A T A M AMGERE FRETIRA B R L
TROGEEF T I P B FEPAR[SO)ST] T F SRS R K
R T R A

1
1+exp[(E—EF)/kT] ’

B H oW 206 0 EFEARTE > AL ERR KD 4K F AR LA

F_k

5. (Fermi-Dirac)~ # Sn#ic# 7 5 F(E) =

T RARRT Y Sl AR PI AT RE LRI ERRIINTFRR > &
ERTBWEFOPFRAT LRI-B 2.16(00)41F 0 & 7 E T E EE AR
PaEOPF > FRLATREF P A RRB8] R L5 FF7EF > A RAR

(a) (b)_ (C)
—_ =2
o 4 3 160.-
3 > 120
S oMe-e—e E 4
3 \'\. = 80t
[=] \. £ _ -
. £ 1 E "
] 40"
510 13 \ = g 2 0 g ) ) ) \f 0 L - Enltzmann limit, (K5 T/q)Iin10
54321012345 ¥ "%0 50 100 150 200 250 300 0 100 200 300
Gate Voltage(V) Temperature (K) Temperature (K)

Bl 2.15(@)= /it 4P T HMWHE LRI Ip-Vo b &> (b)TRh T BREE R M B2 ()= h futy i
R REMGE -

(a) ®) e (c)

02p 42K | 77K RT i 8

Extended
n States

01 & £,
3 n
% 0 42 v
ul_| 77 E .. n ocalized
iy by C, 4.2 K Jpemeleseeeegesese.. _ States

Ec 774
Ul Ec RT
-0.2
0 1
9c(E) x f(E) Y

Fermi-Dirac f(E)
B 216 ()7 FEAE T DF K-k~ F[58] (D)3 FEART m?—z- % B [58]27 (c) B 1 1o 7 7 )
[59] -
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RUYEERT %M FA o IfRAHeE ) EHER DM R4oB 2.15(c) 47 0 S TR
B E ) EREERT RS TR ARG AR IR BRI - RS

g . e e av av s
Hp R o4 =y - o~ =276 _Z'G __Y¥s’'
BATR WERRS0D TR 6 2 2t 1SS = on S = S Tog )] (1 . cox)

Tn(10) s sk G R TR FEAT R B - R WETRE L
R Al 0 F VR R R EARS o BRI A Y AR R HEAR ) o
oA LEITRAERT DGR 0 F ik < W0y REET XTRA A
PGS 60mVidee {345 2 N R TRAHAFEL VTR R CCEFEAE MO X TRA
HAFEAR] > 3 PR T hf KA F AoB] 2.16()4 77 0 AR E T AR K
#.4 E (long thermal tail) > Fl# e cng F g » A > R T LA g /B>
AR T R -R PR A F el BAA T I AT AT NN LT 0 A
FApPF ¢y A g RETHME- BRI F > REFDIRA G
B B R 100K (8 0 X FRh it d ] Bl G AR E S MO T AR S

!
o

SR E L ARG AR R F R L LR T F B A BN T g

R

P

TR S & 1SS = In(10) 2] (1 + CD+C“)[50] Coo o #10R % 4l g B
Tel I EC] o - AL AR T S AT AR AR P ST Z ALY 4R ¢ cFE 7 4 (Sulfur
vacancies) & ¥ 45 =4+ K=(Antisite defects)[59] » iz A Kot FF BT > A2 - B
WA 8% eh Bk 8 (Localized states)4— ] 2.16(c)*777 [59] » 4ol L343 » % %
BES B KR B ALY BB o PR R AT RS B B
3 pES @1 TR IPL R B B E R §RRA B AR
AT AR E I FRFET PP RS DR R TR PR
G SRR B AR PR T iR FI[47]

AR E AT :ﬁf“@éﬁgﬂs’fﬁé‘f’l#ﬁfﬁééﬁ% RN SRR 2 S
B4 B ko 004 B R R R A0 d RRF AR 5
M 1.82eV PRSI ER R G A S RRS G 2 F Wi it e
fe ) FARAREEF D AHEES R EFTEER > D it PEREE/E
BTGRP THEBM A5 105 X TR RiFi ] £95 150
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mV/dec ; " F & G M £ Hena 2o TIRE M T 10% SRR Rtk B
£ 5 90mV/dec» B RFIF i & 7 5% 5 o (Dirac) 5 B oo &8 > it
FREER ) RMBRF N TR TREFRAE ARG 0 d R R
A AR AR - o SO ENU R pRERE PRI FR LS
G Py R FENEF 0 TRR EHFSS)FHARTEERT A
THOFER FR-REAFT T - BT L FUFREERETHE s MER

FoR-RdEsdefg e # 0 BRI BREE ~ EF 0 G RESHSS i
50K PSS 7 ¢ TR T RITAE 0 T o &4k 1A = 0 BB ik (Localized states)

Mo & RR EE
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3% BT HFnTHH
31 - RBTIHI T LW gk‘rég

BRHH DRI R PP 2k s 4 (Non-centrosymmetric) ﬁé
[27,60,61] > A #& ¥ 2 48 T # # 4 PZT(Lead Zirconate Titanate) -
PVDEF(Polyvinylidene difluoride)¥? HZO(Hafnium zirconium oxide) s £_F] % {141 ¢
3 =# (Displaced)n + @ &2 2 4R R F% o it > o d RF H DY AT RV R
B Mg R endE AP iy B AL IREE 2 5 217 R [60] o PZT el i F L F 5 Zr & Ti
R e ATEH ST A [60](R] 3.1(a)) - PVDF sivfi v 4 8 d » 4 g+ & 4 4
+EF R=Z2) > % i&Dipole) » T A HREHET v B T FRIN[61](F
3.1(b)) - HZO g it 454+ > t12 HIO) 5 AR en& 15 5] Zr kR ~ 1 227
BT A 2 4 B F R HEOEHANR[27T](R 3.1(c) ° &= B ¥ L4
THR DS ERFER - T N - FAR R F(Coercive field) ~ & 1 5 &
(Polarization, 2Pr) ~ 4 & ¥ #c~ % (T R & fak gdod 3.1 977 - PZT ¢ £ % E =
ROBIHMFE L33 BCE-FARVEfcEA1I ERY B S REAHEER
S a RG]~ BB
Bz REad s § eV T RRALFERY - £ PVDF R8T
RASBERAT D ol ot @ FaeREA g RERA fiTT R 1t
BFIA T e s AR AR S Hoes B a4 > @ HZO & X E W Asdp i 2

HEERLZF 3ME = 3BT HPEFEORMER > Ra HZO o

5

BT A FERLE gk A 12 o PVDF BB 0L 4 B

e
BT FEALE
L

Tt

g
<)

£ PR R 0 g AR A BT RN ¢ i ol

HZO #fi - tm e p o

Bl 3.1 48 % HALf 247 L B ¢ (2)PZT[60] » (b)PVDF[61]2 (c)HZO[27] -
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%030 VA RBTHAEF K o 2 5 PZT ~ PVDF 2 & HfO) 48 7 H#2[60] «
HfO;-based

Pb(Zrx Ti1-x)Os PVDE, P(VDE-TrEE) ferroelectric

Layer Insulator Insulator Insulator
Thickness (nm) 10-340 200~ ~10

Solution process Solution process (spray,
Deposition method (sol-gel process and wet  inkjet printing, and ALD

chemical method) roll to roll print)
Coercive field E. (MV/cm) 0.1 0.5 0.8-2
Polarization 2P, (yC/cmz) 30-60 ~10 30-60
Dielectric constant (&) ~200 ~12 ~30'
Gate voltage range (V) +20 +60 +3

High industrial

Easy synthesis ™ " and Easy synthesis applicability,'** high

Advantage high polarization and flexibility polarization,”” and
thin thickness
Bull‘c scale layer, Thermal stability,”* high S
. environmental . High intrinsic

Disadvantage . power operation,”"" and

issues,” " and low ] o defect

ow polarization
bandgap

B 2011 & > #iEE e Si e HIO, = 5 % — B % 7 A (fluorite-type) & i 3~ 4% 2%
TF AT HI[27] s 0 RS K A HIO  PE43 32 8 1 4o Ze[62] Y6327 Al[64]
PHRLJEBTEFE BT FEARp LMY Y RSP NP
(Orthorhombic phase, o-phase)’ % % if & HfO & 42 T 1 fy 4p 5 ¥ 4 & 49 (Monoclinic
phase, m-phase) » %At HfO, & #8422 8 4 l 5 ¥ ¥ i3 X (Anneling) » € 3= & %
8 49 2w = 8 4p (Tetragonal phase, t-phase) » 2 % 4p 7+ & Bl4cB 3.2 #777 [65] » ALD
= E 2 e E R R 5 258 i (Amorphous) 0 F & i § 9L @ ER R S
(Crystallized)[66]° = HfO2 ® 4332 Zr 5 B o B4R R 247 7 U T & % HfO2 & ZrO,
P AF P R 0 HEYE ZiYen T e R LA g
0.76 A e 0. T8A T h B fRIIT AW L 1.23 87 122 154k 4p 1L e 4 % 17 HO,
B 2O T A RTAEF R ARG TIREGSE - RWEE D
F AL S BAP[66]-Hf 22 Zr i i = ~F * ¥ &7 5 HRZr 020 # 4t 5] T &
HE 92 Zr § 0404 175 & B8 % K- BOMIM)B 2 0/ T > B4R SR T &
(P-E)en H4cB 3.3 #rm[67] % x=1 P & 48 §_HfO, > & +- 5 m-phase > % I8 7
Brind B R e F x=05 PF & Hf 82 Zr v b4 b £ 4 7 5 HfosZrosO 0
HZO fifi> s ¥ ot 5 o-phase s b S B ¥ > BRI FUB T BF 4 2 3
Bt E o f x=1 FHRME Z10y KRR Ee 2 fdp 0 33 BAEFY RE
MFBTHE > 3 RO HF S Zr v 0 §ee R F N 4p o 2a FFMT FIE -
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HfO, Doping, surface energy, stress...

Monoclinic Orthorhombic Tetragonal
Bl 32 AR HO WY R a4 DA BRER L TR ETLR cHLEAN
48 (Monoclinic) ~ i % § 48 (Orthorhombic) ~ = = § 4p(Tetragonal) > B ¥ % ¢ FIE* £ Hf 3 > k= d
FIBI®* % O R+ > @ &£d FIBET 5 T;'UFFH}ETL 10 R+ [65] °

L T T T LI B e pa

4 [T e
15|
!
-15
30}

50 i 2 T 3T A
40k » 14 :b_j}-—_
- L " )K %\\
% 7]

P (uClem?)

30F -

20.-_":"-_;_—._IFFIII
4 -2 0 2 #4 -2 0 2 4 -2 0 2 +#4 2 0 2 4 -2 0 2 4 -2 0 2 4

Electric Field (MV/cm)

Bl 33 3 B ol HEZn O F K 2 £ 6-F MR- e Fii-T H(67] -

& HZO 45 % 4p 597 & B A2 4o B 3.4 77 [68] ¥ 23 B & 9.2nm 1 HZO
m-phase ~ t-phase ¥2 o-phase = p & % Bl4- B 3.4(a)%1T > Sidh i Sk x| > Fhh i
BE PRI ORBPHEIN FiphE S FRETH 2% F L E_m-phase’

¥ Z FETMP 0 4o if R RF PF o t-phase &% m-phase ? ¥ - £
AP0 i d BN A Am-phase ¥ A BE AR EAPAIN > o d R AL DA
o-phase » & ¢ ¥ 3 % £ ¢4 t-phase - ALD /i = HZO & ¥ T & Bl4-B 3.4(b)
ror o0 B PE HZO ¢ % R4 5 & B f(amorphous) 0 (= BlE LT 5 2 nm e
(Crystalline nuclei)fz# H ® > R enp o i Bl4cB 3.4(c)#77 » B o it Mengp
o-phase ° ;§ & = & & HZO &%t L Bl4oB 3.4(d)% 17 » P &HRELS £ 5T
LA B PR i BAcR] 3.4(e)#TF 0 d 3% t-phase ¢ hiz = fE4P ¢ AP HHIRGE
[69] "EF R A - & > A d it € T S > Flt tphase ¥ 2 p d i B L BT
g o BN E T RF IR A 600 RREFMAEF L G- A4 EY ks
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1% Ao B 340 T o R i BlAcB) 3.4(g)#7 T 0 Fl & & B (grain boundary)
G A A ARt T % > @ 19 mephase F 5 2407 f @ & M endn o fe FE G
phase | m-phase i £ @@~ B > F]* t-phase % ¢ & + # 4% 3| m-phase > ",ﬁ% FL
WRRE T APERAPET o 58 HZO B9 L B4cB 3.4(h) 517 o+ 304 il
¥ % L o-phase ¥k chp d i Bl4c® 3.43G)%7T7 0 SEE R T % o-phase X B ¥ ¥
A o it B X3P > t-phase B 43 % T| o-phase > % = 1% {8 F T & BlAc B 3.4()

EETT 0 P PEE R FE Y B § ¢ o-phase > B p d i Bl P AE R T endp 4B 3.4(k)
0% 0 L AE P 0 HZO W AGBIT L 1575 % ¢ A & 1t 18 4P o-phase ©
(h)
Final crystalline film Nucleation during cooling
oo
§ - g ophase PN
. 07100 200 300 400 500 600 Y00 800
NUCIEI Temperature ['C) =
@ s
§
¢
Nuclei in as-dep. films Nuclei at elevated T -
©  -p J
H o | !
§ omase TP 5 g
B 34 272 PRV EE 3 & 92 n0m HfosZrosO, 12 p d st it 7 LB > (@)= 408 > ()i

i
R LI LR T REY NOEP =Sy PSP Py NGHETTE P T
W AMA@E AR o R ()RS LR o R ()%
TR FE ) FZ 4pp d i F[68] -

o
s

e
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B4R ¥ (Memory window, MW) % #78 B - e8I} » %A 7 okl
(Memory states)sfic 4 » 3032 18 eh & -4 7 -2 W (MFS) B 4- Bl 3.5(@) 77T »
R SR M RMART T B AMW =V — Viny o Ving S 2B T R 3.5
TR fAIFREDRETR Vg, C 2 BT T WY I v R e
Tl RR(F 3.50) ST et 2L FWT IR A M GAoB 3.5 [70] AUB T
P-E& SR 20T RA BT OETLHE > d P=—0p R TRIGEAT
Op» EITRATRFLEMOT F G A LR R 35@7 B ETH > v
TOEBE A6 ES BIRARRASFEDTS > BRHEL T nT RAT S
[70]
MW = (Eitpg + Vs + dms) — (E_tpp + Vs + Pms)
tr n BT A ER Eitpp 23 AR EL YA TR T RFIER LS T
Oms & W 1B £ JH/L 4 e Sofic L > $30 3 5% 5% (Enhancemet mode)ehid 3o T 8
27 32 & 7% (Depletion mode) 1= ‘a4 T S ARG ¥ >t 2 s T A A FE
ERA R R DA G TR ERF SEL T AR FIL e RMART R MW =
(Ey — E )ty » 13700 § 4 K MFS %4 0 b % EMW ~ (Ecy — Ec_)tpg » 351088

(a) MFS structure FeFET (b) I~V characteristics
Log I,
Backward Forward
sweep sweep
Vlh- L Vin, 1
» Ve
(c) P-E characteristics (d)

MFIS structure FeFET
a P = Prg + &p&bpg

Irg> &FE

his &

Field determining MW

B 3.5 (MFS 41 L B[70] > (b)FeFET Ip-Vg & A[71] > ()W f%i% 2| < fpht TR T il (T 4>
YR SE AN R4S BIRRTRAUHESTH o0 2 L BMATRA T RFEALE L HA
[70] » (dMFIS & H# 7 & BI[70] -
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WE T 2Ectpp ¥ 2V o § ¢ B A T F (Interlayer dielectric) sg frde & -4 T
4R L A (MFIS) 4B 3.5(d)5 7 Ap e o BAAR G 2205 BIRR R R L
B EALEERY LR Ept, = —0ogt /€& R T MW = (B tpp —
ootiL/€ngo + s + Pms) — (E-tpg — OotiL/€n€0 + Ps + Pms) = (Ey — E_)tpp > » i
H O LB REEAR T 258 [70] o

HZO 4 % H>c T St > F15 &2 CMOS #WAzA4p 5 ~ 7 1P i B &7 M 2 il
doa L FIR i%lf_iﬁffﬂ*’?? "L HRE HZO i 12 o 2Ra A0 p L R
T e AR s R I (DFREP L E P FEH I ARG
BRER QFUET HZO 85 kB g R am AT ¥ 8icimilded ??FL#’L%FF“%E’
REFTRRETE > QARATHFEANG DT R UGBTI T WAl ST R
Fengg 4 o 50 fRAp TRl g Mo e AR L B4ai * - Frit 4piv
gk 2wt > k2N ERT LG8 R I I e R (' I )
® i & & i$4=(Danglingbond) » § ¥ ¥ REF GG A/ L B A [72] c - &

PR L UE T H 0T L (TRIZE - S4BT HT AR [60]0 % R &
() (b) (©)
Ferroelectric field effect Ferroelctric insulator’s Ferroelctric insulator’s
transistor polarization up polarization down

Bl 3.6@F BB IHI < bl AT LB O)F W BRETH T HMWME s H(@ » )T LR
B MR T FaT LT » 7 7 L H60] -

(a) (b) (c)
OFF State ON State Log !
(High Resistance) (Low Resistance)  Low-V; state
1 Electron X
lation
Electron E=d s ccumy E ’
depletion =’=’.'/ ................. £ ) N
Gate N E: & High-V; state
__________________ =3 — R
~ =’M052 channel * Vs
MoS, channel Gate E’
Ferroelectric Ferroelectric

B 3.7 MIBAETF /- A4l 3 B@BTIE® > 0 5 @ F (S E)[73] > b)BT RN =
§P o R AR(F PR )[73]2 (c)Ip-Ve i PF 438 % o ST R BI[32] »
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BT HCT HAWEHT L BB 3.6()75 T 0 B F LT HASHLY T HE B

£

o H{ T KM S~ DHBRER > REBT KR 2 v 7§ (R
3.6(b)) @ H 3T KA E A KA L ORI RBR RBT R » % B &(B 3.6(c))°
ToHtld f AR RFHI TR A F BT LBLeB 3.7()% 7w [73] 0 &1 ey
vt F AL ERRG A Do 2 LR
BB R W AR R T S

HELF o LI IR
TRYHFI L TRE & BT L B4R 3.7(b)Ar
A[73] it G gl iE o F R L EMRIG AP S R R X M
RPN ERENrFORATRFE L ORERR A TRFHFI TR
254 Ip-Vo i B 4S8 % o (B 3.7(c)) °

Zhang % A | {02 Z Friv 4p 0% 5 i if S4B 7 Hox T L M8[74] 0 &2 HZO 1735

RS LR é%%f%ar@ 3.8(a) 5 » & BB AL RE R

"Lﬁé}‘%‘fi"“ 6 nm 1 HZO > I F2gpeh R B R 5 2 nm 7 ALOs » M1 B F ;

4“\‘

BB T e (7 ik #4119 L (Rapid thermal annealing) » &/ & * 45/4 © 8 Ip-Vo £

P15 % e W 3.8(b) T m%ﬁ%@ﬁﬁ%ﬁé-a&as V #w

(Memory window):Z ] 4V » ¥ ZinBE M )% 5 107 -

e RMAR

Wang % A @ iT1 MoSy 1% 5 i 3 ch= 4B T Heq HW[75] 2 ~ i ’?l?'*#

dFRTLER-BT-2B-0 T K- EWMEMIS)(B 3.9(a)) & F < IRAd g
o

1E B L E R MoS; 32 h-BN (53 AT K - e F5adp 7 5

(a) (b

MoS,

N

1000

HZO p*Si(G)

1E-5 R &
S 1E-6 e G =2 Hm
1E_7 s BN B IS == BN
-6 4 -2 0 2 4 6
Gate Voltage 'CS V)

ain Current Il)s (MA/pm)
(=]

Bl 3.8 - Fiis 4B T B0 SH()= % 7 4 B2 (b)H In-Ve BI[74] -
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Z BB T Hs & WA AR T R B4 B 3.1 1T o S 3RA WA AR
B2 23 FRIT- it 4T LRlARRE > A EF 0 R ST M HZO > 2t e
FEob 3 ALOs 1t d MRAE T I [78]c A2 4Ft e /4% A a g B 7 Ip il
TR et &~ % 5 HZO(R 3.11(a)) ~ HZO/ALO3(f®] 3.11(b)) ~ ALLO/HZO/AL,O3( 8]
3.11(c) ™ 2 ALOYHZO(R 3.11(d)) - # RAZH Fp 4o » () * 3 4350w
AFEFLAEME T &t 3% h3 K iTfHiE(ALD)= & ALO; & HZO » ALD &
BRE 250 CTiim o & ALOs #7i * w S 2 H0 22 = 7 A 4m
(Trimethylaluminium, TMA) » ALD % 7 & Bl4c®B 3.12 #77[79] > & * "5 & &
i~ HoO i85 £ 1 » TMA 485 9 % 1A/cycler i P8 B 155 B V554 (7 B 6] k3
Inm 7 ALOs = % & 10 B cycle o = & HZO #7#8 * m 5gd= 5 HoO~ w2 7 4
iz FL 45 (Tetrakis(ethylmethylamino)hafnium, TEMAH) & » z £ 7 z 9 3L 4
(Tetrakis(ethylmethylamino)zirconium, TEMAZ) » % i » H,O ¢ £ i » TEMAH -~ £
%> » HaO t5 & 3 » TEMAZ> 252 HfO, 22 ZrOx % 3 #adp 485 % 4 1A/cycle>
s ERPIEEREFWEE BRI AR RES 600 RE G S?I%\h‘%‘.sg
TP #3030 fy 0 A5 HZO 4R Ap o A~ At » L% H
A (PVD)= £ 30nm § it 45 L7 R+ %1 AN o () R FINE /EE,
E & 20200nm 44/ 4 > T 5 MEEF &R > ()~ 21 5 Rk PN IR REFA) 18
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FHEER 20/150 nm 44/4 0 (iv)E B EPN PES LSRR F 0 AR R
S Enit4p A msn'w °
(a)(i) Si(n+) substrate with ALD (ii) Back gate metal  (iii) Define S/D by (iv) Transfer 2D flakes

oxide layer and annealing deposition photolithography &
metal deposition

(b) g
Cr/Au
© o 5 o
Al,Oy
. wo
AlL,Oy
Cr/Au
(d) >

Al;05(1 nm)

CriAu & CriAu
Al,0;

Cr/Au

+ Cr/Au

Cr/Au

Bl 311 - ap TS et hte s o7 ki Ebiaias LR@F &3 HZO (b)
§ it & 3 HZO/ALO; > () % 5 ALOyHZO/ALO; #2(d)§ * % 5 ALOyHZO -

OH surface +

AI(CH3)3 & ais CH; surface:
4

&\,/’
M purge m
T ALD +H,0 & ‘
OH surface, cycle

tAI(CH,),
repea @VOQ&(?\, pos CH,

Bl 3.12 ALD &t & B(* ALO; & &)[79] °
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Ll i fRie T LA %(m)’*’ EVE RPN e E‘H# T L A RAET K -3
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% R F PEALIL 2Pr o @ 2R SHTFFIPEBA RS 7 0L 2Pr &7 0 PE2Pr =
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2EF kSt HZO T B L 0 B ROFIAIE" E5 5 4.3 pClem? » =5~
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Mk Lo E § K 5 ALOYHZO/ALO; 3 dp » fl484& ™ 5 5 145 pClem? » % 4
R LT F 5 ALOs3afp & HZO 2 + > Fl&f& E.9 5 25.0uC/em? » 7 F
3 LR enfleptRib R R < R A 5 ALOs/HZO ~ ALOs/HZO/ALOs ~ HZO/ALOs &
HZO - & § % &% %M & HZO }+ 3 % F ALO; 7§ i & (ALOyHZO £
ALO3/HZO/ALO3) B i~ erf|dtm it & » @ 2§ ALO; 3t fp & HZO + = ch= i

(a) (b) (c)
EOEE = =
====HZ0 on Al,0; m====HZO on Al O, ====HZO on Al,0,
% 20|__a1,0,mz00m1,0) % 20 O;I’I:ZOIAI d % 20— a0 HzolALS, |
3 10 |==Al,0; on HZO 3 10 ——ALQ; on HZO | 310 _—AI203 on HZO
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O30l .. A O 30l [ [<XX:7) )] PO B f"'". .
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Bl 313 £ BT K+ 5 &)-F (MFGDS) BT 1B -2 RE-V)E RIS % » + THF 5 ~ 27
i Bl(@HZO 5 & 10nm>(b)HZO 5 & 15nm £ (c)HZO & & 15nm & 4 3 ¢ - & TiN 25 % MF(+D)M
-
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BT LT E BT - !?’i?(MFM)H#
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75V 7 HZO BR 15nm 2 & B 10nm (hT 40k > & &8 # 7 pig oy
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LR e B RE PR A Re R I 2§ 0 F & HZO
Ao A2 -BiE AHZOSF2Z R 3t- A F 1t BE7 M5B asry
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™M ™M
DE DE
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M t. \J M
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B 316 (F 2 F AT 46 BiET LE 0 (D) MIS SR g w7 LHE(OH
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&7 B4R 3.06(b) T 0 F1E 5T F MR/ F s Bk NS B
Wit 2w 2 Fanc g o &a BEIRE @ apkin o @ # MIM 406 4 7
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B/# As &2 e #1305 BART K iR it € AL

£ 2 i A ERIEE AR BREF Z A 22T R
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a
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BLBRFAEEN TR SdhsxBTin 23242 RHE +f 2 AR
BoR T Rl RELT TR EMW =V — Vg SN RATRIF R Y
HoBY EIHGELAT VhEHWET RS § AD)E v F(WET R T 1)
o EREA R A L e RREART A A R A D e RHART o R R M R
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37

doi:10.6342/NTU202500905
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BB AR RI T F Ay F R T S i RIRT R RN
EefFmrmg s i R @ AR PRl LB A€+ Ip-Vo i 7 R
¥ 2 U ST
5 HHZO £ et~ 2 AWML RFF-7-TV T £ > HZO15nm §
£ 8~ 2 2 Ip-Vov £ 8% % 4B 3.20(a)-(d)*77% » § it & £ § HZO 77 &% 8 Ip-
Vov £ Bl % 4o B 3.20(@)"7m > A B¢ & REE 4 & WA N L ARTIE R B
T PHEIN ZFHEL R REZIFEI I AAET R T2 BRT R
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(@) 10+ Yes=1 Y ‘5m(b) 104 YotV 15u (©) 104 oY 15¢
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= 100 S T H g 10° 40, i
= 3 40 - o Sita)
3 o 3 o 3 .
clgﬂ =:g~" cwo“ ~—
o 3n ‘@10 wzo 3p © 13p
i qg2 & 10" Ay 510"

L I 7 0T 2345678910 Yi012345678910

Overdrive Voltage (V) Overdrlve Voltage (V) Overdrive Voltage (V)
(d (e)

104 3p =2
S. 10°% -— < 1 T Counterclockwise,
w= 10°:Clockwise 3 FE Dominated
S o7l ~ 2u SO0 —-—--—= ===
o - = 1 lCIockms&
5 10 Hzo = Dit Dominated

10° ) = 2!
o 107 = Ty 2
c 53|
w10 £
5 1012} @ 4

13 :j E N
A0 123456 S a5 o,,“,‘o, T
Overdrive Voltage (V) w10 o (0.0

B 320 HZO B A& 15nm # o § ©* K3 dp2 457 % L4 I-Vov d B AL Y HH 5§ 1 ki
I % Bl(a)HZO > (b)HZO/ALO; » (c)ALO3/HZO/ALO; » (d)ALO/HZO - (e)i= BAAL T ¥ ? b §
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