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Fig. 1. (a) Schematic of DG-NCFETs; (b) simplified small-signal capacitance model.
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Fig. 2. Double-well landscape of the free energy U for (a) PZT and (b) CIPS, respectively, as a function of the electric polarization

P under different strains.
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Fig. 6. Effects of the FE layer thickness and biaxial strain
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(b) CIPS based NCFETS, respectively.
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Fig. 7. Effects of the FE layer thickness and strain on the transfer characteristic graph for (a) PZT based NCFETs and (b) CIPS

based NCFETSs, respectively.

1.4
i} (a)
9 1.2
=
@
&
= . 10
D @
E |
S8 ost
23
o
22 06t
23 ,
o £
o 0.4r ' S =0.015, tr, = 18 nm
2 —— S = —0.010, tfe =12 nm
ﬂc): 0.2 F Sm = —0.015, t( =12 nm
© — = Syu = —0.010, tfe =18 nm
0 = el 1 1 1 1
0.4 0.6 0.8 1.0 1.2

Gate voltage Vgs/V

1.4
b

} (b)
2 12r
pet
5]
el
= . 1lor
g7
g8
8 o 0.8 F tsi=5 nm
é} = tin = 0.2 nm

=)
2= 06 Vis=0V
8 3 Sm=0,1te=0
< S 04l w =0, te =0 nm
5] : Sm=0.010, tfe =12 nm
‘O:j 0.9 S = 0.015, tr = 12 nm
O ’ =" Sy =0.010, tr = 18 nm

0

0.4 0.6 0.8 1.0 1.2
Gate voltage Vgs/V

'8 (a) PZT % NCFETs Al (b) CIPS 3£ NCFETs i FE JZ J5 J3 AR £ e B A8 X 78 38 ot B 745 5 ng 19 5201

Fig. 8. Effects of the FE layer thickness and biaxial misfit strain on electron density ng at the center of the channel for (a) PZT

based NCFETs and (b) CIPS based NCFETS, respectively.

067701-7


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

) 3B =% R Acta Phys. Sin.

Vol. 72, No. 6 (2023) 067701

NAE SRR, AL SSTE M 40.8 mV /dec [ 5 2
19.8 mV /dec, 7EAHIAI L JZ R 12 nm B, [ 48
M 0.01 BEhn#] 0.015, FAK SSTEM 40.9 mV /dec
F%3 14.8 mV/dec iy, 5 CIPS 2 NCFET #lt,
PZT 3£ NCFET HA R SSET 60 mV/dec
) 38 L IAC YR SR, R TSR i, CIPS 5
NCFET 7€ 5 /) SSF 19 ¥ % A 3 /K F PZT &
NCFET([A 3).

—~ 240

T — Su=0, t,=0 nm 4’ I (a)

5 === Sn=0, te =18 nm . |

o 210 F fe

'?‘ 0 Sm:0015 tie = 18 nm ! |

2 [ —— Sm=—0.010, t; = 12 nm : 4

g 180 Sm = —0.015, te = 12 nm ! |

e — - Su=—0.010, t; = 18 nm . t

W 150 1 ‘

o : :

® 120t }

; 90 + |

T :

g |

= 60 e ‘

g tsi =5 nm -

% 30 F tin=0.2 nm N

=3 Vis=0.05 V

RN . . . .
1077 10-6 10-5 10~ 10-3

Drain current I4s/(A-pm~1)

19 (a) #TF PZT By NCFETs il (b) 2T CIPS ) NCFETs () FE )2

& 10 S PZT H:H1 CIPS EAYFiF NCFET 7&
A6 FE J2 5 BE RN RS A% e AR T 5% 4
Pk, 24 V,, = 0.6 VI, WA 10(a) FE 10(b)
Jiw, RS T APIREFANE FE #8HY NCFET
B AT A T8 B MOSFET. R ZE%} CIPS 3
NCFET B AL I 52 ) LX) PZT & NCFET
SR, AN 10(c) FIE 10(d) PR, 24 Ve = 0.8 V
¥, 5 CIPS % NCFET Mk, PZT % NCFET

~ 240 |
¢ ol (b) 3
< 200r — 5,0, f

te = 0 nm |
Z 180} J
i —— S =0.010, 1
= 150+ b =12 nm ]
?o Sm = 0.015,
k= 120 tfe = 12 nm tsi =5 nm
z | — - Swm=0.010, tin =0.2 nm
= 90 te =18 nm
3 3 Vis=0.05 V
260 =
B ~<_ /I

.
< 30t R
et ¥
=
n 0 L ! . I
107 106 10-° 10~ 1o

Drain current I4s/(A-pm—1)

JE N AR XSS 15 0]

Fig. 9. Effects of the FE layer thickness and strain on SS for (a) PZT based NCFETSs and (b) CIPS based NCFETSs, respectively.
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Abstract

In order to continue Moore’s law, the reduction of power consumption has received much attention. It is
necessary to develop steep devices that can overcome the “Boltzmann tyranny” and solve the problem of high
power consumption of integrated circuits. Negative capacitance field-effect transistors are one of the most
promising candidates in numerous steep devices. Strain engineering has been widely studied as an effective
means of regulating the properties of ferroelectric thin films. However, the influence of strain on the
performance of negative capacitance field-effect transistor has not been clear so far. Therefore, in this work, an
analytical model of double gate negative capacitance field-effect transistor (DG-NCFET) regulated by biaxial
misfit strain is proposed. Using this model, we investigate the influences of ferroelectric layer thickness and
biaxial misfit strain on electrical properties of PbZr,;Ti; ;03 (PZT)-based and CulnP,Sg (CIPS)-based negative
capacitance field-effect transistors (NCFETSs), respectively. The results show that for the negative capacitance
field-effect transistor based on PbZrjsTi;;03, when the ferroelectric layer thickness is increased or the
compression strain is applied, the subthreshold swing and conduction current are improved, but the tensile
strain has the opposite effect. For the negative capacitance field-effect transistor based on CulnP,Sg, its
performance is improved when the thickness of the ferroelectric layer is increased or the tensile strain is applied,
but the device lags behind under the compressive strain. It is found that the CIPS-based NCFET exhibits
better performance than PZT-based NCFET at low gate voltages.

Keywords: negative capacitance field effect transistors, CulnP,Sgs, PbZr, 5Tij 503, misfit strain
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