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Abstract

In this work, the gate-all-around (GAA) stacked negative ca-
pacitance nanowire (NC-NW) and nanosheet (NC-NS) FETs are
analyzed comprehensively for the first time. Compared with the
3-stacked (3S) NC-NW FET, 1-stacked (1S) NC-NW FET shows
larger maximum internal voltage gain (Av,max) due to better ca-
pacitance matching, lower minimum subthreshold swing (SS),
and larger Io,n improvements over nanowire (NW) FET. As the
vertically stacked number of NW FETs increases, the effective

Lon per unit width decreases due to the increased series resistance.

At low gate bias (Vgext = 0V ~ 0.16V), 1S NC-NW FET with
larger MOS capacitance (Cmos) operated with positive ferroe-
lectric capacitance (Cre> 0) shows lower Ay (at low Vg,ext) than
the 1S NC-NS FET. As gate bias increases, 1S NC-NW FET en-
ters the negative ferroelectric capacitance region (Cre < 0), and
therefore 1S NC-NW FET exhibits higher Av,max than the 1S NC-
NS FET due to its larger Cmos. Besides, 1S NC-NW FET exhibits
+90% Ion improvements over NW FET, and 1S NC-NS FET
shows +44% Ion improvements over nanosheet (NS) FET. NW
FET exhibits lower DIBL than NS FET due to better electro-
static control, while NC-NW FET shows more significant nega-
tive DIBL than the NC-NS FET due to its larger Ay difference
between high and low drain bias. NS FET shows larger Lo than
the NW FET due to higher mobility, and negative capacitance
effect reduce the Ion difference between NC-NS and NC-NW be-
cause NC-NW exhibits larger Avy,max.
Introduction

For the sub-5nm technology node, the gate-all-around (GAA)
FET is a promising candidate owing to its excellent electrostatics
and short channel control [1]. GAA nanowire (NW) FETs with better
gate control and GAA nanosheet (NS) FETs with large effective
width (Wes) are analyzed for performance enhancement [2-3]. Neg-
ative capacitance FET (NCFET) [4-6] incorporating a ferroelectric
layer in the gate dielectric stack can improve the subthreshold swing
(SS) and Lon/Iotrratio [7-8]. In this work, for the first time, we analyze
the SS, internal voltage gain (Av), lon and negative drain-induced
barrier lower (DIBL) of stacked negative capacitance NW (NC-NW)
and negative capacitance NS (NC-NS) FETs considering the impact
of vertically stacked number of layers.

Device Design and Simulation Methodology

In this work, NW and NS FETs are designed with Lg=20.2 nm,
footprint = 32 nm, diameter = 7 nm, metal thickness (Tm) = 7nm,
and EOT = 0.6nm. The mobility of NW and NS FETs are calibrated
with the data in [9], and NW FET shows lower mobility than the NS
FET due to additional quantum confinement effects. Fig. 1 shows

the schematics of 1-stacked (1S) to 3-stacked (3S) NW and NS FETs.

For analyzing the NC-NW and NC-NS FETs, the extracted coercive
electric field Ec= 1 MV/cm, remnant polarization Po= 10 pC/cm?
[8], and ferroelectric layer thickness (Tre) = 3 nm are used for hys-
teresis-free design. The simulation framework [8] of 3D TCAD con-
sidering 1S to 3S NW and NS FETs coupled with 1-D Landau-
Khalatnikov (LK) ferroelectric equation are used to analyze the NC-
NW and NC-NS FETs.
Results and Discussion

Fig. 2(a) shows the charge density(Qg) comparisons of 1S and
3S NC-NW FETs in the ferroelectric and channel plotted versus Ve
(voltage across the ferroelectric layer) and internal gate voltage
(Vgint) as external gate voltage (Vgext) ranges from OV ~ 1V. The
slope of Qg vs. Ve indicates the ferroelectric capacitance Cre. For a
given change in the internal gate voltage (AVgint), the change in
charge density (AQg) of 1S NC-NW FET is larger than that of 3S
NC-NW FET (Fig. 2(a)), and therefore 1S NC-NW FET shows
larger Cmos than 3S NC-NW FET as shown in Fig. 3. Cwmos is de-
fined as the capacitance underneath the ferroelectric layer as shown
in Fig. 2(b). As the vertically stacked number of FET increases, the
series resistance increases which decreases (AQg/AVg,int) and Cwmos.
Atlow Vgext (* 0V ~0.16V), 1S NC-NW FET is operated with pos-
itive Cre (Fig. 2(a)) and therefore exhibits lower internal voltage
gain (Av) at low Vgex than 3S NC-NW FET (Fig. 4). The definition
of internal voltage gain is Ay = 0V gint/OVgext = |Cre|/(|CrE| - CmOs).
As Vgext increases, the 1S NC-NW FET enters the negative Crk re-
gion, and shows better capacitance matching and larger maximum
Av (Av.max) than the 3S NC-NW FET. Therefore, 1S NC-NW shows
lower minimum SS than the 3S NC-NW as shown in Fig. 5.

Fig. 6 shows the charge density comparisons of 1S NC-NW and
1S NC-NS FETs. As can be seen, as Vgext ranges from OV ~ 1V, 1S
NC-NS FET is entirely operated with negative Cre. Therefore, com-
pared with 1S NC-NW FET, 1S NC-NS FET shows better capaci-
tance matching (Fig. 7) and larger Ay (Fig. 8) at low Vgext. 1S NC-
NW FET exhibits larger AQg/AVg,nt (Fig. 6) and larger Cmos (Fig.
7) than the 1S NC-NS FET due to its better electrostatic control.
Therefore, as Vgext increases, the 1S NC-NW FET enters the nega-
tive Cre region and shows larger Av,max than the 1S NC-NS FET (Fig.
8). Fig. 9 shows that 1S NC-NW shows lower minimum SS (=
45mV/dec) than the 1S NC-NS FET (= 53mV/dec).

Fig. 10 shows the Ion-Iofr comparisons among NW, NS, NC-NW,
NC-NS FETs. As the stacked number of layers increases, lon (per
unit width) decreases due to the increased series resistance. NS FETs
show larger Ion (+64.8%) than NW FETs due to its higher mobility
[9]. IS NC-NW FET shows larger Ion improvements (+90% over 1S
NW FET) than 3S NC-NW FET (+60% over 3S NW FET) and 1S
NC-NS FET (+44% improvements over 1S NS FET) because 1S
NC-NW FET exhibits larger Av,max. Therefore, 1S NC-NW and 1S
NC-NS FETs only exhibit 24.8% difference in Ion which is smaller
than the Ion difference (64.8%) between 1S NS and NW FETs. Fig.
12 shows that NW FET exhibits smaller DIBL than NS FET due to
its better electrostatic control, while NC-NW FET exhibits more sig-
nificant negative DIBL than the NC-NS FET. This is because NC-
NW FET shows larger Ay difference (at threshold voltage) between
high and low drain bias (Fig. 13) which enlarges the negative DIBL.

Acknowledgements

This work was supported by the Ministry of Science and Tech-

nology in Taiwan under Contract MOST 107-2636-E-008-001.
References

[1] S. Bangsaruntip et al., /JEDM, 2009. [2] Y. Seo et al., SSE, 2018. [3]
N. Loubet et al., VLSI, 2017. [4] S. Salahuddin et al., Nano Lett, 2008.
[5] C. Huet al., DRC, 2015. [6] C.-J. Su et al., IEDM, 2017. [7] V. Hu
etal., IEDM, 2017. [8] P.-C. Chiu et al., EDTM, 2018. [9] S. Barraud et
al., [EDM, 2017.

- 845 -



1.5
1S NC-NW
GAA-All-
1-stacked 2-stacked 3-stacked
srocre | 19) (25) (35) 101\ 35‘ NC':‘;‘; y Iv&ext
—_ ds = V. C
€ 0.5f FE
.V, =0~1V -
Nanowire - 61 ~ \g,ext VE:'"t
| . ==
id c 0.5} \\ ESC
\ s
R E T'ﬁ. a0l PN Vgs = 0.86 V T6ND
FP Cre>0 :‘ o :, Vg,ext = 0~1 V| Fig. 2(b). Capacitance
Fig. 1. Schematics of gate-all-around (GAA) stacked 1.5 -0.2 00 & 0.2 00 04 08 1.2 glod\c;l OfI:\ISFEI'VAt gven
nanowire (NW) and nanosheet (NS) FETs. NW and Vee(V) (a) Vg,int(V) 2> Vgext FE gint-

NS FETs are designed with Lg = 20.2 nm, footprint
(FP) = 32 nm, diameter = 7 nm, metal thickness (T,,)

=7nm, and EOT = 0.6nm.

150

060 065 070 075 080 085 0.90
g.ext

1S to 38 NC-NW

1.0
Vg ext(V)

. g
Fig. 3. Cyos decreases as stacked number of
NW increases. As stacked number increases,

series resistance (Rsd) increases

which

decreases the induced gate charge (AQ,) at

given AV iy, and therefore decreases Cyios.
1.5

——18 NC-NW
101 \ 1S NC-NS
— Vg =0.86V
E%T N Vaex=01V
o N
& 0.0 N
5 .
c 0.5} ~
AN
\
1.0} ¥ ) Vys =0.86 V
Crg>0 o s vg,ext=0~1 \'
15 . LY . i ) .
-0.2 0.0 0.2 0.0 0.4 0.8 1.2
Vg,int(v)

Fi VeeM) i )

ig. 6. Charge density (Qg) comparisons of
I-stacked NC-NW and NC-NS in the
ferroelectric and channel are plotted versus
Ve and Vgin 8 Vgex ranges from 0 ~ 1V.

80 ,'
75_13 ,'
70 NS~ I”
s 1
B 65
B o S NW~ /II
ST =<2 1
Ess| RN st-liS’\/ /
7] ~ /
50 |
NC-NW e~
V=086V =

10"°10"10™10"10""10™°10° 10° 107 10° 10° 10* 10°
I4(Alpm)

3.5
301
250
201

>

<

15F

1.0

0.5

»
o

©»
°

max Ay (Av,max)
N
o

— 1S NC-NW \

—-3S NC-NW

0.0 02 04 X
. Vg ext(V) o

Fig. 4. 1-stacked I\?C—NW exhibits largest

max A, (Aymax) than the 2-stacked and 3-

stacked NC-NW due to better capacitance

0.6 0.8 1.0

matching (Vgex = 0.6 ~ 0.88V).
00

Solid line : 1S NC-NW
Dash line : 1S NC-NS
V4s =0.86 V

Vg,ext(V)

Fig. 7. NC-NW exhibits better capacitance
matching at Ve = 0.6V~0.88V, while NC-NS
exhibits better capacitance matching at Vg ey =
0V~0.4V. NW exhibits larger Cyos than NS.

10°
10°} i '+ 64.8% . Vys = 0.86V
H A 1S
10" + 38 28
F 3s2si1S
wf © Aad NS
= 107F NC-NS
£ wep MW
3s
3 10" [ 28 1S
5 F A ]
10" NC-NW :
10k 3 25 1S s2aw :
10-‘6 L L L |A L L L L
3 4 5 6 7 8 9 10
lon(mA/pm)

Fig. 9. 1-stacked NC-NW shows lowest minimum  Fig. 10. I,, versus Lx comparisons for 1-
subthreshold swing compared with the 1-stacked NC-

NW due to its higher A, max as shown in Fig. 8.

102F ———=3 107?
[ 1S il .
10" 10
-6 r -6
10°f 10
— r _
€ 10°F L7 g 10°
3 r ~»  DIBL
<10 / <qov
= : NW =18.6 mV/V =
10§ NC-NW = -187 mV/V 10™
10 ; Solid line : Vyg =0.05 V 107
/ Dash line : V4 =0.86 V
10-15 1 L L L 10-15
0.0 0.2 0.4 0.6 0.8 1.0
Vg,ext(v)
(a)

stacked, 2-stacked, and 3-stacked NW, NS,
NC-NW, and NC-NS FETs at V4= 0.86V.

1S

NW = 48.4 mV/V

, NC-NW =-106.8 mV/V
NC-NS

Solid line : Vgg =0.05V

Dash line : V4 =0.86 V

0j4 0.6
Vg,ext(v)
(b)

0.2 0.8

Fig. 12. The 14-V e characteristics of (a) NC-NW and NW FETs, and (b) NC-NS and NS FETs at
Vg4 =0.05 V and Vg = 0.86 V, respectively. NC-NW and NC-NS FETs show better subthreshold
swing and negative drain-induced barrier lowering (DIBL) compared with the NW and NS FETs.

- 846 -

Fig. 2(a). Charge density (Qg) comparisons of 1-stacked and 3-stacked NC-NW in the

ferroelectric and channel are plotted versus Vg (voltage across the ferroelectric layer) and

internal gate voltage (V,n) as external gate voltage (Vgex) ranges from 0 ~ 1V.
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Fig. 13. A, at threshold voltage comparisons for NC-
NW and NC-NS at Vg = 0.05 V and 0.86 V. NC-
NW with larger A, difference between high and low
Vg, results in larger negative DIBL than NC-NS.



