J. Korean Inst. Electr. Electron. Mater. Eng.
Vol. 37, No. 1, pp. 48-55 January 2024

doi: https://doi.org/10.4313/JKEM.2024.37.1.6
ISSN 1226-7945(Print), 2288-3258(Online)

NCFET (negative capacitance FET) 0| A &}

Regular Paper

RESI M

At

AT S FEFY A0 0jXE Y

g

J

oAt

o
o
20

ok
=

N

ey

2

}

Impact of Remanent Polarization and Coercive Field on Threshold Voltage and

Drain-Induced Barrier Lowering in NCFET (negative capacitance FET)

Hakkee Jung

Department of Electronic Engineering, Kunsan National University, Gunsan 54150, Korea
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Abstract: The changes in threshold voltage and DIBL were investigated for changes in remanent polarization P and coercive

field E., which determine the characteristics of the P-E hysteresis curve of ferroelectric in NCFET (negative capacitance FET).

The threshold voltage and DIBL (drain-induced barrier lowering) were observed for a junctionless double gate MOSFET using

a gate oxide structure of MFMIS (metal-ferroelectric-metal-insulator-semiconductor). To obtain the threshold voltage, series-

type potential distribution and second derivative method were used. As a result, it can be seen that the threshold voltage increases

when P, decreases and E. increases, and the threshold voltage is also maintained constant when the P/E. is constant. However,

as the drain voltage increases, the threshold voltage changes significantly according to Pr/Ec, so the DIBL greatly changes for

P//E.. In other words, when P,/E~15 pF/cm, DIBL showed a negative value regardless of the channel length under the conditions

of ferroelectric thickness of 10 nm and SiO2 thickness of 1 nm. The DIBL value was in the negative or positive range for the

channel length when the P//E. is 25 pF/cm or more under the same conditions, so the condition of DIBL=0 could be obtained.

As such, the optimal condition to reduce short channel effects can be obtained since the threshold voltage and DIBL can be

adjusted according to the device dimension of NCFET and the P, and E. of ferroelectric.
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Fig. 1. Schematic cross sectional view of junctionless double gate
NCFET with MFMIS structure.
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Table 1. Device parameters for this NCFET.

Device parameter Symbol Value
Channel length Lg 15~100 nm
Channel width w 1 um

Channel thickness tse 5~10 nm
SiO: thickness fox 1~2 nm

Doping concentration Nua 10"%cm?

Ferroelectric thickness tr 1~10 nm

Remanent polarization P, 15~30 pC/cm?
Coercive field E. 0.8~1.5 MV/cm
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Fig. 2. (a) Relation of drain current vs. gate voltage with drain voltage
and remanent polarization P, as parameters and (b) shift of threshold
voltages derived from second derivative method.

= L =15 nm, t=t_=10 nm,t_=1 nm, N =10"° jcm® (a)
2 g f sc ox a =~
~ _ 2 _o-- - o= S
= 105+ Pr—ZOuCIcm i I Sy ]
£ It
5 - -
© r = solid line V__=0.01V
c _ -z da
‘© o= dotted line VvV, =1.01V
= 010 4~ . . ds,
a 10
0 0.1 0.2 0.3 0.4 0.5 0.6 0.
—~ 17 E [mVicm] N ]
o) ¢ L >
s black 0.8 e .
~ o [ red 1.0 , NN
2 051 blue 12 , NTm T
:.c green 1.? -7 IN—
N === - -
0 1 1 1 1 1 1 (b)
0 0.1 0.2 0.3 0.4 0.5 0.6 0
Gate voltage (V)

Fig. 3. (a) Relation of drain current vs. gate voltage with drain voltage
and remanent polarization E. as parameters and (b) shift of threshold
voltages derived from second derivative method.
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Fig. 4. Contours of threshold voltage for the remanent polarization
and coercive field under the conditions presented in the figure.

0.8

A Vam0.01 VO] £ Pt 2EALGAM = & 2 9
tf. J2jnE PEHYL °o =7
stojolut st} E= Zhastojofgt & Zolch. o] H4A
Aol o] FMAH 2 o] Bighol F7she g ©f
Shoh Gl ARt £71= SS9 57t2 Yehtoz A=
2EHY] ot 59| 712 LhERd Zlolch, Jejn R
%J‘,_]- ]7]- olql— 740 ol— A oll:]. —/
Y 404 22 7l A 2EHALS §AI517] Ystol
Pol 57tstH Ee S7tstoiofgh
S|

AR At A&
WS 2 k. B/Ee A= ZFRAAIY &9 ZHufAE
20 ZNA Q] S YER B R G lol Tt 28 7AYol
st AS &+ Aot

ole} T2 /g Bish7| Hstol 1 50 memory
window (MW=2££.)0 Th& #8749 HstE A5 o2t

018 2 Z=A|sHTh 11 504 & o~ Ql%o] Foj %l AX}
npeto]E oA FEHH A2 MW Eﬂﬁ}@ APAQ BAE

Hol1 glot Ao ohef 713717}
Ch FEAd0] 9 0.16 VQI 3¢
Mg 71Eoz Amud oHEJro]-‘—
7b ok 1002 AA5HH= 7S ¥
A P/EZF A7t 2RI R %?gs}q% 7
otk 29 404 & 4 Ql%ol & 7]
AalAe Aol 571 o E.& S7tst I
£ A% MW 57kshe oloz 98d 2YAYe &
Rs}7] Yste] Po] Z7FstH MWE Z713F 70| 2]
o= p/Eo] met 253 ® DIBLS
FRAAY FA=

:L

0.4 T T T . :
Pr=15 uCIcmz Lg-201r;m, ts§-10 nm, tox-z nm
P 220 uCremz| Na=10" fem®, V=001V

S oaff 7 o
< —6—P =25 ;Clem?
o
> —&—P =30 uClm®
= 0.2
[}
> ___________________
k)
[}
2 01
7
o
S
=
= 0

G

\
-0.1 L L L
0 0.5 1 1.5 2 25 3

Memory window (V)

Fig. 5. Linear relations of threshold voltage and memory window with
the remanent polarization as a parameter under the conditions
presented in the figure.

30 T T T P
L =20 nm,t_=10 nm, N =10~ /cm
9 sc d
Vds=°'°1 A"
V"I=0.2V T
_ Vv, <0.2V
= 25! t  =1nm th i
£ V, >0.2V
o th
i
£
(3]
w
\L
o 20 1
t =2nm
ox
15 1 1 1 1
2 4 6 8 10

Ferroelectric thickness (nm)

Fig. 6. Contours of V4=0.2 V for P./E. and ferroelectric thickness

with the thickness of SiO2 on as a parameter under the conditions
presented in the figure.

g2 012 Zojnz FRAA ARt RAAY s 5
A £/ ES ol b2 AU S-S 19 60 =
AlstAtt 28 62 Vu=0.2 Vol sigsts s14e
MFMISO] 250 2 AFE3tal Al Si0z2] T foxE T
2holg 2 %LO ojct. 11 60llM & 4 %0l DA =
HAYS 271 HsiA r/Ec7} H A+

=
A 2 =

SEERE —sraw% 271 9]
"|Qr



52 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 48-55, January 2024: Jung

Vo] SuAle 37 Watstgiet. 27 6ollA & 4 9l%o
to=1 nQl S ARG WL A] 0] TR V,>0.2 V
ﬂﬁ@ﬂnmﬂﬁgffﬂmvmﬂgonﬂ’ﬁ

Zlkily

oR:L

¢Jato] 7Rl AR opat
oF A

F2 0lRD Yok 2e 2

_l

oIt
3.2 NCFET?2| DIBL #i3}

DIBL-2 S Q1A #iato] & FEAYe
S Uepdch NCFETOA 2j'g Zo] U =2
2 DEelxdoro] Wsle MArsly| olste] 12
nletolE] 2 SEXQto] ¥istE T A]ahict
16} VdS:O 01 v% 4% Ad Aol tﬂr%
x| orokct. et Pr/

=k
g o

= o

=
= e

of

o |0
B h S
O O rlE B ot 8 ox

Mo -

=2 = orx

iL
Jm 8
I

2

o Mg
ng
ol
o
_EL
3
ty
N
)
\.l
j,
ol'
o
4
o2 ro Jj = m ox
Mo
L2

FIO h:\ i
>,

ne

;o
2

Lo ¢ ©Ob g ol

N
o,
Ho
Mo
Jm
r2

rE Lo Uy

fo

ol

o

rlr

P

o L~

[
i)
|o
=2
ne
i
o,
A}
N
3
o
el

o
v
rr
par
mjo
=)
A
>
pas)
0
2 m >4

UutA o] MOSFETSF Ee Vdszl.Ol VY o] 24
o Vu=0.01 VY o] £
Foto] UEh e 212 & 4 9tk 12U £/E7L 37181
o] 25 pF/cm olAfolA A Zol 7t otAlw thA] B
A 3717} Futylo] DIBOQ! oioz Wetel: 21g
T 7014 TR 4 olck. ojoh e @ge I 2004
& M9st9ct. = DIBL=0 mV/V7} &

r_>d
in)
fas
_CL
Y
Ra)
|0
fru
=
o
=
A
(@]

rr
o
N
tjo
o
>

=2 T

A= Zojt
29 79 wHAY W2 ol &5to] et DIBL s 1™
8ol At 7 7oA = gt uiet go] AP/t
259} 30 uC/em*Q 4= A Jst¥ DIBL o] 59 w2
LHER AL Uit} 53] L¥bAQl CMOSFETOAM = A
Zolof me} DIBLo] 74 3HA] 9 NCFETO A= &fi'd 0]

p

7} 371519 DIBLo| Z4stthrt 57kehs S48 Uty
T 9tk ol 13 7oA E HYSHAAT Vim1.01 Vol
A 2ERg] Wt 7|1t

Pat Eo] ¥isto] T3t DIBLR] SE1AS T2l 9
SI9Th 13 9o & 4 950l POl FIE4E 1

E7F R 40045 DIBL B 2ot 2
%oj

0.6
0551
— DIBL<0
S 05
o
5]
g 045}
s
o e
N Y P ———
ﬁ 035F /> /"7 o ee-------- -
o - t=t_=10 nm, t_=1nm, N ,=10" fem
£ 03¢ v, -o 01 V(dotted) v, -1 01 V(solid)
0.25¢ P JE_ [pFicm]
0.2 ) ) 15 (green), l20 (black), 25 (b‘Iue), 30 (red)
' 20 40 60 80 100

Channel length (nm)

Fig. 7. Threshold voltages for the channel length with the ratio of
remanent polarization and coercive field as a parameter under the
conditions presented in the figure.

50 - P JE_[uClcm?]

— 0 i
P
>
E
-4 -50
o
[=]
-100 -

t=t =10 nm, t_=1nm, N =10"® fcm*
sc ox d

20 40 60 80
Channel length (nm)

100

Fig. 8. DIBL for the channel length with the ratio of remanent
polarization and coercive field as a parameter under the conditions
presented in the figure.

£ DIBLE &% Zlo|t.
13 100 £/ £cofl thieh DIBLO] ¥

2HojH 2 EAI5FA 1%1 1004 & 4~ )I=0] A/EZt
b

=2 A
ﬁ*e*—}a’iq 1 NCFETOﬂ/ﬂ‘— A2 Zo]7} 7Fast
ol P/ EL] A3t 3h2 At DIBL =7} FALS 1l
S 4 Qith= 7S Boj&ch 2 10004 A/EI A G
Aut 2 gdo M Ad o] wstol] ch5t DIBLO] W5} 73
Bl HEAE o= A T2k

9 = 37] vl mt

_H
reh g

loﬁﬂi\



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 48-55, January 2024: Jung 53

N

L =20 nm,t =1 nm
g ox

N
(¢,

t=t_=10nm, N =10" /cm*
sC d
unit; [mV/V]

Remanent polarization (,uClcmz)
N
o

-
[4,]

0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Coercive field (MV/cm)

Fig. 9. Contours of DIBL for the remanent polarization and coercive
field under the conditions presented in the figure.

100 T T T
t=t_=10nm,t_=1nm,N =10"° jcm*
'sc ox d

[<.]
o

o

DIBL (mV/V)
3 &
o o

-150 |

-200 ¢

_250 1 1 1 1 1

10 15 20 25 30 35 40
PrIEc (pF/cm)

Fig. 10. DIBLs for P/ E. with the channel length as a parameter under

the conditions presented in the figure.

0\1

jol Wata 2oz WHHch Ad Qolvt aTeS
Pr/EA waloll 62 DIBLe] W3} A efin g
©0] A'd o7}t F7ksHY F/E.2) Wekrt DIBL] 2 9
T2 OlAA] Pk A % 4 ok 53] A Lot
30 nm ool H & P/ES} F7184% A o] Wato]
HE DIBL ek 2AE 5912 Bl 2 uR Y
4 olck 77 102 Aw e o] Fof3

2 A} mh2to]
oA AE Zo]7} 15 nm&t 20 nmof| A= 2/ E0 what

DIBLO] ¢} 0F 2 7S 1Al & olch= 738 aF ~ o}
J2]82 DIBL=0Q] 272 118 4 91S 7o},
Y 110 P/ESH AR FA9] wste] hsted

DIBL=02 ¥r&sts Sn4 e Ald Lol 2 metole 2 =

30 T .
t =10 nm,t_=1nm,
sc ox
N,=10"% /em*
— DIBL=0 mV/V
DIBL>0 mV/V
’é‘ 25 - DIBL<0 mVIV
o
-~
(T8
Q.
=
(3]
w
\\-
o 20 A
£
S § &
7? & N
o “ v
~ < vo Y
15 :

2 4 6 8 10
Ferroelectric thickness (nm)
Fig. 11. Contours of DIBL=0 for P./E. and ferroelectric thickness

with the channel length as a parameter under the conditions presented
in the figure.

—_—

c

Alstodnt. 78 1104 & 4 Q15%0] DIBL=0Q! 2S¢
Eot7] Hste] Ald Ao|7F 15 nmZ &2 F9 = &
ZZ10A AR FA7F 7~10 nm=Z 7 0F 514 P/ B
15~22 pF/cm 7 = 2 8] w A Arotofqt oy, T2t Ad
71017} 30 nm7HA| £7vstH P/ E = 15~30 pF/cm A =
2 g2 o] Jou FadA T 2~3 nm = Afofof
ok St S WA 4 Qlth. E£§F DIBL=0E f-A]517]
Asto] A/ESLF 3 oA FA 9] vzt Ad Zojof et
A7sljofgt stoh S WA & Qo). Ad ZAol7t 15
nm= ZAsHHA DIBL=0S H&st7] Y5t} A/ Es Aot
ofgt sttt P/ EZt Athe A2 A FRAA] 7iufA]
A AT} A= ofojo] 0] o]nff SS& A
2 P/EJY ZAsHH AR POl 5
gt DIBLS 024 & SRS 4 Johs AHA
Ol A Alatst HfollA A Zol7t 15 nm2 &S ¢
+ Oj -+ DIBL>09! g o]0 g = &fj:
2 37t t R DIBL<0Y] §94&
I 604 = AF<t viet o] MFMI
A2 AFEE = Si00] FA= 5 A %F%
olt}. 12ju 2 DIBLO| % H3FS )& ZHo|n] 1
P/ ELY ZF-573A] S0l tigt DIBLO] ¥13}E |
20 nm¥ M Si0,°] FAE mefu|E| 2 T AsIIc. 19
oA & & Ql%0] Si09] FA7F F7TstA A/ BT AL
FAA FAZE T2 G oA DIBL=0Q! o] LEtLE
1 Rlth Si0z9] A7 Z71E 4% DIBL=0S R-A|s}7]
Asto] oA A FA= Fastoloptt ot A/ECS] HY
A 7t AE & 4 Atk 2 =29 ALt HYo
Al 115 nmY 4 29 FojA DIBL>00]H

[2a)



54 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 48-55, January 2024: Jung

30 T T

t_ =10 nm, L =20 nm,

'sc g

N,=10" /cm®

—— DIBL=0 mV/V

DIBL>0 mV/V
T 25¢ DIBL<0 mVIV
3]
o
™
2
(3]
w A
o 20
* H
. § &
7 ;5 N
& . N \
~9 xah
15 1 1 1
2 4 6 8 10

Ferroelectric thickness (nm)
Fig. 12. Contours of DIBL=0 for P,/E.and ferroelectric thickness

with the thickness of SiO2 as a parameter under the conditions
presented in the figure.

81024]
g o} /\ 0] q

M7t 44
a1

Si0z2] FHIE ATt

2ot S7tsh= 71%

o} 59t DIBLY] ¥ ok%

ot 2ol Aid Ao, A2 7*%

SiO0] 7+ 52 4= & =

& U4 sislon] oot e 2]

FHAAE AHEL

MFMIS Lx9] 2X38F o] % Alo|E

NCFETO] tigh &84t % DIBLO] ¥ot2 /AR A

b E0] WHsto] tisto] aAstict Alg2 o] d ol
P,-L} Ec‘_ HZOE o] &t et AgoM =&d U=l
T3t H S AFEot¥ Tt NCFET+ SS<60 mV/deC
7R ol A= FRAAIY 5| AEA A

=2 AR A S/ of] 7] <letet. 01319_?88—4
ZNAETE ofyet SSE AAAA o 8 ¥ DIBLY]
HEE WSt NCFETE o] &3 AA8] 29] &/ s}
S 9I5ho] o9t 2 SCEQ] JodA= AdH 48 2 1
&40 RE=A] B ast Atolnt. AN o s P/EIH Y
gt wHAIYgol s RAlEE e E 4 AL
L SSE HAA717] Aste] P/ ES ¥l1E daAl7IE =
HAY0] S7st= wAIE A sk AS WS o
= si2st7] Yot P/ S I fAIsHEA FRAA +

o] &<t

o 7
°J3t &
].

Hﬂr

 E

"

\II'UZ*J'

et Si0.9] TS S7HA1A si2d 4 A%l DIBLY

AN
IS 4% 2 =vollAM

3%e= P/E~15 pF/cm B2 A2 49 2

Abgst axt stebule] WlolA A4 29 gt L)Yl
th. a2 A/E7E 571619 DIBLO| o 2 AMstE|o e
P/E) 3 @ A7} skefoleof ohe} DIBL=0] 718 7
g A 5 AE Zo7t Aord = A RAA FAS

S7HAI71H Pr/Ec7} A2 d oA = DIBL=05 WHEahe
215 72 4 0l 2=y AE 2ot Stst
P/ B30l BAIgo] -7 AdA 7t AfobAfofRt DIBL=0
ol 215 WEShH= LA 2t H & 2 4 Q11T Si0,
o] #7 Wiztol mat DIBL=0]1 2312 RHE3sh= P/ E. 3
SRR EA% 37 Walstgon Si0,0] SA7t vl
A AR P/ EZY AL AR FAE vl 2
HHollA DIBL=05 W53t A4 ool S £+ 4 9]
ATt o]del Auts AmE A NCFET| ¢ #of4l Al

2 2ol A A2 TN FRAIA e Si0z0] FAH 27

F\

°2 38| U5 et BYWYY DBLAL AEY 4
UTH: S & 4 YT FF A4 37] Sof 2 A
o] £71& oH A} 4utelojof & Folct.

ORCID

Hakkee Jung https://orcid.org/0000-0002-2828-2957

REFERENCES

[1] M. Nadeem, 1. D. Bernardo, X. Wang, M. S. Fuhrer, and D.
Culcer, Nano Lett., 21,3155 (2021).
doi: https://doi.org/10.1021/acs.nanolett.1c00378

[2] C.Liu, Y. Wang, H. Sun, C. Ma, Z. Luo, H. Wang, Y. Yin, and
X. Li, NPG Asia Mater., 13,77 (2021).
doi: https://doi.org/10.1038/s41427-021-00345-5

[3] J.F.Yao, X.Han,X.P.Zhang,J. C. Liu, M. Y. Gu, M. L. Zhang,
K. H. Yu, and Y. F. Guo, Crystals, 12, 1545 (2022).
doi: https://doi.org/10.3390/cryst12111545

[4] J. Y. Kim, M. Choi, and H. W. Jang, APL Mater., 9, 021102
(2021).
doi: https://doi.org/10.1063/5.0035515

[51 T.Yu, W. Lii, Z. Zhao, P. Si, and K. Zhang, Microelectron. J.,
108, 104981 (2021).
doi: https://doi.org/10.1016/j.mejo.2020.104981

[6] S.U.Alam, R. Uddin, M. J. Alam, A. Raihan, S. S. Mahtab, and
S. Bhowmik, Model. Simul. Eng., 2022, 8345513 (2022).
doi: https://doi.org/10.1155/2022/8345513

[71 W.Xiao, C.Liu, Y. Peng, S. Zheng, Q. Feng, C. Zhang, J. Zhang,
Y. Hao, M. Liao, and Y. Zhou, Nanoscale Res. Lett., 14, 254



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 37, No. 1, pp. 48-55, January 2024: Jung

(8]

(%]

(10]

[11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]

(23]

(2019).

doi: https://doi.org/10.1186/s11671-019-3063-2

W. Huang, H. Zhu, Y. Zhang, Z. Wu, K. Jia, X. Yin, Y. Li, C.
Li, X. Ai, Q. Huo, and J. Li, Microelectron. J., 114, 105110
(2021).

doi: https://doi.org/10.1016/j.mejo.2021.105110

J. Min and C. Shin, Electronics, 9, 1423 (2020).

doi: https://doi.org/10.3390/electronics9091423

W. X. You, C.P. Tsai, and P. Su, IEEE Trans. Electron Devices,
65, 1604 (2018).

doi: https://doi.org/10.1109/TED.2018.2805716

S. Moon, J. Shin, and C. Shin, Electronics, 9, 704 (2020).

doi: https://doi.org/10.3390/electronics9050704

A. T. Shora and F. A. Khanday, Int. J. Electron. Lett., 8, 304
(2020).

doi: https://doi.org/10.1080/21681724.2019.1600729

S. A. Hosseini, A. Eskandarian, and A. Ghadimi, Eng. Rep., 4,
e12481 (2022).

doi: https://doi.org/10.1002/eng2.12481

J. Pruefer, J. Leise, G. Darbandy, A. Nikolaou, H. Klauk, J. W.
Borchert, B. Iiiiguez, T. Gneiting, and A. Kloes, IEEE Trans.
Electron Devices, 67, 5082 (2020).

doi: https://doi.org/10.1109/TED.2020.3021368

O. Prakash, A. Gupta, G. Pahwa, Y. S. Chauhan, and H.
Amrouch, J. Electron Device Soc., 9, 1262 (2021).

doi: https://doi.org/10.1109/JEDS.2021.3110486

F. I. Sakib, M. A. Hasan, and M. Hossain, Eng. Res. Express, 3,
045044 (2021).

doi: https://doi.org/10.1088/2631-8695/ac3d39

A. Ortiz-Conde, F. J. Garcia-Sanchez, J. Muci, A. T. Barrios, J.
J. Liou, and C. S. Ho, Microelectron. Reliab., 53, 90 (2013).
doi: https://doi.org/10.1016/j.microrel.2012.09.015

A. F. Jaimes, Tecnura, 21, 32 (2017).

doi: https://doi.org/10.14483/udistrital.jour.tecnura.2017.2.a02
Y. Swami and S. Rai, J. Nanotechnol., 2017, 4678571 (2017).
doi: https://doi.org/10.1155/2017/4678571

Z. Ding, G. Hu, J. Gu, R. Liu, L. Wang, and T. Tang,
Microelectron. J., 42, 515 (2011).

doi: https://doi.org/10.1016/j.mejo.2010.11.002

Y. H. Shin and 1. Yun, Solid-State Electron., 120, 19 (2016).
doi: https://doi.org/10.1016/j.sse.2016.03.002

R. U. Ahmed and P. Saha, Period. Polytech. Electr. Eng.
Comput. Sci., 64, 106 (2020).

doi: https://doi.org/10.3311/PPee.14279

A. Rassekh, J. M. Sallese, F. Jazaeri, M. Fathipour, and A. M.
lonescu, J. Electron Device Soc., 8, 939 (2020).

[24]

[25]

[26]

(27]

(28]

[29]

[30]

(31]

(32]

[33]

55

doi: https://doi.org/10.1109/JEDS.2020.3020976

A. Rassekh, F. Jazaeri, and J. M. Sallese, IEEE Trans. Electron
Devices, 69, 820 (2022).

doi: https://doi.org/10.1109/TED.2021.3133193

W. Huang, H. Zhu, Z. Wu, X. Yin, Q. Huo, K. Jia, Y. Li, and
Y. Zhang, IEEE J. Electron Devices Soc., 8, 879 (2020).

doi: https://doi.org/10.1109/JEDS.2020.3015492

B. Awadhiya, P. N. Kondekar, S. Yadav, and P. Upadhyay,
Trans. Electr. Electron. Mater., 22,267 (2021).

doi: https://doi.org/10.1007/s42341-020-00230-y

S. Chaudhary, B. Dewan, C. Sahu, and M. Yadav, Silicon, 14,
7099 (2022).

doi: https://doi.org/10.1007/s12633-021-01478-6

T. Yu, W. Lii, Z. Zhao, P. Si, and K. Zhang, Microelectron. J.,
98, 104730 (2020).

doi: https://doi.org/10.1016/j.mejo.2020.104730

H. Jung, AIMS Electron. Electr. Eng., 7, 38 (2023).

doi: https://doi.org/10.3934/electreng.2023003

J. Okuno, T. Kunihiro, K. Konishi, H. Maemura, Y. Shuto, F.
Sugaya, M. Materano, T. Ali, K. Kuehnel, K. Seidel, U.
Schroeder, T. Mikolajick, M. Tsukamoto, and T. Umebayashi,
Proc. 2020 IEEE Symposium on VLSI Technology (Honolulu,
USA, 2020) p. 1.

doi: https://doi.org/10.1109/VLSITechnology18217.2020.9265063
T. Francois, L. Grenouillet, J. Coignus, P. Blaise, C. Carabasse,
N. Vaxelaire, T. Magis, F. Aussenac, V. Loup, C. Pellissier, S.
Slesazeck, V. Havel, C. Richter, A. Makosiej, B. Giraud, E. T.
Breyer, M. Materano, P. Chiquet, M. Bocquet, E. Nowak, U.
Schroeder, and F. Gaillard, Proc. 2019 IEEE International
Electron DevicesMeeting (IEDM) (San Francisco, USA, 2020)
p. 15.6.1.

doi: https://doi.org/10.1109/IEDM19573.2019.8993485

Y. Liang, J. Wu, C. Teng, H. Ko, Q. Luc, C. Su, E. Chang, and
C. Lin, IEEE Electron Device Lett., 42, 1299 (2021).

doi: https://doi.org/10.1109/LED.2021.3102604

Z. Dang, S. Lv, Z. Gao, M. Chen, Y. Xu, P. Jiang, Y. Ding, P.
Yuan, Y. Wang, Y. Chen, Q. Luo, and Y. Wang, IEEE Electron
Device Lett., 43, 561 (2022).

doi: https://doi.org/10.1109/LED.2022.3153063

[34] J. Min, G. Choe, and C. Shin, Curr. Appl. Phys., 20, 1222 (2020).

[35]

doi: https://doi.org/10.1016/j.cap.2020.08.008

S. Shi, H. Xi, T. Cao, W. Lin, Z. Liu, J. Niu, D. Lan, C. Zhou, J.
Cao, H. Su, T. Zhao, P. Yang, Y. Zhu, X. Yan, E. Y. Tsymbal,
H. Tian, and J. Chen, Nat. Commun., 14, 1780 (2023).

doi: https://doi.org/10.1038/s41467-023-37560-3




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


