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The reduction in size of metal oxide semiconductor (MOS) devices results in the increase of leakage
current due to Quantum effects. The different technologies proposed to overcome this problem. Variant
structures of MOSFET such as Tri Gate FInFET or Pi gate and Omega gate to enhance current drive and
control over the Short Channel Effects (SCE). In advanced technology node, the performance of CMOS cir-
cuits degrades. In sub 10 nm nodes technologies, FinFETs have a good channel control with high ON current
(Ion).Nowadays, power dissipation and leakage current are one the two crucial issues that the modern elec-
tronic industry is facing in 3 nm node technology. The other alternative devices such as novel GAA (Gate All
Around) FinFET have been proposed to address these problems. This structure gained huge attention be-
cause of their possible fabrication process.In this paper, for the first time, we have investigated and simu-
lated the different electrical characteristics of GAA FinFET 3 nm with N channel using HfOs (high k material
oxide) to improve the subthreshold characteristics. In the second part of this paper, we present a novel cor-
rection for the equations used in this technology because no n-well layer is required anymore as the device
channel is totally surrounded by the gate which enables the placement of n and p devices in a CMOS gate
much closer to each other than previous technologies.
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1. INTRODUCTION

Since 1960s, MOSFET device scaling followed the de-
velopment of new CMOS technology. The primary con-
cern of downscaling MOS transistors is to maintain the
electrostatic integrity of the device counteracting to
Short Channel Effects (SCE), the design and the produc-
tion of high-speed CMOS circuits, the reduction of pro-
duction costs and the decrease of the power consumption
[1-2].

The channel length with other critical parameters di-
minished with every new generation in order to enhance
device performance, however, it generated different
problems such as the increase of the threshold voltage
VTH, the lowering of ON current and the enhancement
of the Drain Induced Barrier Lowering (DIBL) [3].

To overcome these undesirable effects, multi gate
structures such as Gate All Around (GAA) FinFET de-
vices to enhance the electrostatic controllability of the
gate.

The GAA FinFET offers the best electrostatic control
of the channel since it cylindrical shape allows homoge-
nous control and a tighter capacitive coupling to the de-
vice channel region from all directions, therefore a better
control over SCE.

The increase of the leakage current from the quan-
tum tunneling effect is due to the reduction of gate oxide.
To overcome this problem, researchers in the nanoelec-
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tronics industry have proposed the use of high-% gate di-
electrics.

The use of new oxides such as Hafnium Dioxide HfO2
provides a high k dielectric material for the reduction of
leakage current. It has a good lattice mismatch interface
quality with silicon and a very good thermal and kinetic
stability.

This work analyses in the first part a p-well GAA
FinFET with 3 nm channel which is calibrated with ex-
perimental data. Different electrical characteristics are
presented such as the transfer characteristics, transcon-
ductance and other calculated parameters.

The second part of this paper is to present a novel
device of GAA FinFET without p well using mathemati-
cal corrections in the (I, V) characteristics produced with
NEGF approach.

We explain the importance of the total capacitance in
the new structure. The aim and the novelty of this paper
is to compare the performance of both devices in order to
have an optimal circuit and a good voltage transfer char-
acteristic (VTC).

2. DEVICE AND PHYSICAL MODELS USED IN
THIS SIMULATION

In this work, we have considered a 3D GAA FinFET
structure in order to understand the effect of removing
n and p well from the structure.

We have used the TCAD SILVACO ATLAS to draw
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the 3D structure as show in Fig. 1.

Different models are active in this simulation which
comprises the drift diffusion transport approximation
used for the carrier transport model, bandgap narrow-
ing, Shockley-Read-Hall (SRH) recombination, concen-
tration-dependent mobility, field-dependent mobility,
velocity saturation and Auger recombination [13-17].

Figure 1 shows the structure used in this simulation.
The dioxide used in this simulation is HfO2 with dielec-
tric constant equal to 24. The gate is highly doped with
a work function of 4.05 eV [18].

Materials:
Conductor
Polysilicon
HfO2
Silicon

Fig. 1 — 3D GAA FinFET structure

In GAA FinFET devices, quantum effects have a
large impact on their performance therefore, the simu-
lation and modeling of quantum transport is important
for many reasons such as the tunneling current through
ultra-thin gate oxide and the increase of the threshold
voltage.

The choice of different geometric and operating pa-
rameters are extracted from IRDS 2021 node [19] and
PTM (Predictive Technology model) for the latest gener-
ation.

The NEGF provides the ability of solving
Schrodinger equation and we start firstly from the usual
time-independent Schriédinger equation [20]:

E (v} = |H|{¥}+[z|{¥} +{S} (1)

H — Hamiltonian matrix whose eigenvalues repre-
sent the allowed energy levels and describe the qua-
siparticle dynamics around the equilibrium state.

T represents self-energy and it illustrates the dis-
turbance from the open boundary conditions, it is in-
cluded as part of the system Hamiltonian, |Z|{¥} and
{s} represent the out flow and inflow respectively.

Using the modified Schrédinger equation, the wave
function can be written as the following equation:

{¥j=[E1-H-X]"s) @

I —is an identity matrix of the same size as the rest.

In order to remove the coherent in the source and to
suppose multiple source, we define the following prod-
ucts as

GR = [El-H-X]" )
G4 = [GRT 4)
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Therefore, we can write the wave function by the follow-
ing equation:

{\P} =[G"]{s} (5)

So, we can define the NEGF equations as follows:
IR TR BC
G" =GR Yin GA 0
> _in-scattering function.
The current equation of FinFET structure using

NEGF formalism can be written as the following equa-
tion:

Iop _ ZGn _an+ +zin GA_GR Zin
i i

®

i —plank constant, Y, —out flow, >." —in-scattering func-
tion.

In the subthreshold region, the drain current can be
expressed by the following expression [15]:

V.-V -
I~ il v,%C, exp| ——" || 1—exp Vas 9)
Lg yUp Vr

Cins 1s the insulator capacitance, V7 is the equivalent
thermal temperature, Vps is the applied drain-to-source
voltage, Vg is the threshold voltage, 1 — electron mobil-
ity and yis the body factor.

The threshold voltage Vrm is a very important pa-
rameter for obtaining the ON current. The threshold
voltage is represented by the following equation [5]:

" =¢ms+2¢F+&+%+‘/L’n (10)
Cox Cox

@ss — Charge in the gate dielectric, Cox — gate ca-
pacitance, @p — depletion charge, ¢r — Fermi poten-
tial with respect to the conduction band minimum,
Vin — input voltage.

The Fermi potential for N type silicon is:

op =220y 1n("B) ()
q n;

ks — Boltzmann constant, 7" — temperature, n —
electron density, n; — intrinsic carrier concentra-
tion, p — minority hole density.

The subthreshold slope (SS) is a major parameter for
calculating the leakage current and is expressed as [9]:

dVgg

§=—__"26s 12)
d(logy, Ips)

The value of the Drain Induced Barrier Lowering
(DIBL) is calculated by the following relation [4]:

pigL = WV (13)

DS
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3. RESULTS

Below 5 nm technology node, there are only 2 to 20
grains on the surface of the gate electrode therefore,
highly doped polysilicon material (1020cm - 3) has been
used to overcome this problem [21].

The first step of the simulation is to calibrate the
model used in this simulation. Table 1 displays all the
key geometric parameters of the device structure used
in this simulation.

Table 1 — Geometric parameters

Symbol Quantity Values
L Channel length 3 nm
Lg Gate length 8 nm
d diameter 6.4 nm
Lp/Ls Drain/Source length 10 nm
Table 2 — Operating parameters
Symbol Quantity Values
Ncr Channel concentration 10 c¢m -3
tox Gate length 0.5 nm
Ns/Np Source/Drain concentration | 1020 c¢m -3
Vbp Supply voltage 065V

Figure 2 shows the calibrated I-V and transfer char-
acteristics of the device in logarithm scale. We note that
the gate voltage is swept from 0 Vto 1 V.

The ON current represents the drain current with
Vs = Vpp and its value in this simulation is 10 -4 A/um.

The results obtained using this physical model is
compared with the experimental data [12]. We note a
good agreement in the saturation regime. Lowering the
channel length increases the threshold voltage Vru but
this leads to quantum short channel effect which oppose
the Vrm enhancement.
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Gate voltage (V)

Fig. 2 — Fitting of Simulated curve with experimental data in
GAA FinFET 3 nm channel length [12]

We note that the experimental data fit with good con-
vergence for gate voltage higher than 0.65 V and in order
to improve the accuracy of the Drift-Diffusion equations
(DD) on complex device structures some quantum cor-
rections cannot be ignored anymore for (I, V) character-
istic on the subthreshold regime.

Table 3 displays the performance parameters and a
comparison with IRDS model of 3 nm node technology.
The aim of this comparison is to compare the perfor-

JJ. NANO- ELECTRON. PHYS. 16, 02010 (2024)

mance model with different models in the Nano technol-
ogy industry [23].

Table 3 — Performance parameters

Symbol Quantity Values
Ion ON current 5.565 x 10-3 (A/um)
Iorr Leakage current 5.18 x 10~ 1! (A/um)
Ion/Iorr Performance ratio 1.07 x 10-8
SS Subthreshold slope 77.94 (mV/dec)
Vru Threshold voltage 0.44V

We note from the results illustrate in the table III
that the increase of the threshold voltage is due to the
increase of the fermi level. To minimize the threshold
voltage, we increase the Fin height.

The optimal value of the subthreshold slope (SS) is
60 mV/dec and the decrease the total capacitance de-
creases the SS value.

Figure 3 illustrates the transconductance of the de-
vice, the gate voltage is swept from 0 V to 1 V with
Vps=0.05 Vand 1V [16].

The larger value of the transconductance can be ex-
plained by the higher strain in the short channel device
due the miniaturization of the channel length. We can
reduce the peak value of the transconductance by the re-
duction of the channel length. Shorter gate length Lg
provides less resistance and lower surface-roughness
scattering which leads to a higher transconductance and
mobility.
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=
=~
v
N
g 00054
S
0 T = T T T
02 04 06 08
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Fig. 3 — Simulated curve of GAA FinFET 3 nm channel length

Gate capacitance model can be used for GAA FinFET
to compute the drain current. A comprehensive ap-
proach is used by solving Poisson’s equation in order to

obtain current values equation.

D SOI (Semi conductor on Insulator)
[ oxice e
D Gate

D Substrate (Silicon)

() (b)
Fig. 4 — New GAA FinFET with and without p-well
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In this section, we present a new structure of GAA
FinFET 3 nm without p-well.

We note that both structures are implemented on the
Semiconductor on insulator (SOI). The active thin body
is on silicon oxide which is a good thermal insulator.

Figure 4 shows both structures: a) p-well GAA Fin-
FET and (b) GAA FinFET without p-well.

The subthreshold swing is computed from the values
of the internal capacitances of the device. In the device
without p-well, the SS values decrease because of the re-
duction of total capacitance as the substrate is removed
[9-14].

To have the (I, V) characteristics for the new struc-
ture without p-well, we proposed a correction factor to
modify the model.

The first step in this mathematical correction is to
calculate the new body factor of GAA FinFET without p
well and second the step is to extract the drain current
characteristics from the following equation [15]:

IDS(witiwut—p—well) =CFx IDS (14)

CF — correction factor.

Figure 5 shows the drain currents of both structures.
The gate voltage is swept from 0 to 1 V for Vps=1V. The
operating parameters used in this simulation are pre-
sented in Table 2.

3

7x10 ;
6.

COl|

=

\ 4 ........

)

= 3

—
2.
1.
0 i
0 0.2 0.4 0.6 0.8 1

Gate voltage (V)

Fig. 5 — GAA FinFET with p-well (red color), GAA FinFET
without p-well (blue color)

We note that the ON current of the GAA FinFET
without p well is 6.56 x 10 ~3A/um. It is high because of
the reduction of the strain effect. From table IV notice
that the leakage current of GAA FinFET without p-well
is 2.12 % lower than that of GAA FIinFET with p-well.

The results confirm that leakage current issues can
be solved by GAA FinFET 3 nm with N channel using
HfOz without p-well.

Strain effect enhance band banding at the interface
semiconductor-insulator and therefore enhances tunnel-
ing current. The choice of the geometric parameters such
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as the gate oxide length can lead to the raising of the
conduction band, and therefore, more potential in
needed to create an inversion layer [5]-[10]-[22]. Table 4
displays performance parameters of both devices with 3
nm channel length.

Table 4 — Performance parameters

Parameters GAA FinFET | GAA FinFET
with p-well without p-
well
ITon (A/um) 5.55 x 10-3 6.56 x 103
Torr (A/pm) 518 x 10-11 5.07 x 10-11
IonlIorr 1.07 x 108 1.29 x 108
SS (mV/dec) 77.94 60.05
Power dissipation 1.01 x10-13 0.98 x 10-13
W)

The subthreshold swing calculated with GAA Fin-
FET without p well is higher than that obtained with
Vinay Vashishtha et al [11].

The simulation results of the new structure confirm
that the ON current is higher than that calculated by
Uttam Kumar Das [8].

According to the results obtained in our characteri-
zation, we note that the performance ratio must be
higher than 106 [7]. In this simulation, we note that the
performance ratio is higher than 106 therefore, both
structures are a good candidate as devices for circuits
applications.

We conclude that GAA FinFET without p-well is
more efficient because it has a higher performance ratio
IonlIorr [6].

4. CONCLUSION

To summarize a GAA FinFET with 3 nm channel
length is investigated by taking into consideration quan-
tum effects and quantum transport. The (I, V) charac-
teristics are verified using experimental data.

A new structure GAA FinFET without p-well has
been proposed and simulated and a comparison has been
done between both devices. The results of the simula-
tions confirm that the two structures can be a good de-
vice for circuits applications. GAA FinFET without p
well has a slightly higher performance ratio than that of
GAA FinFET with p-well. Our results show that using
the device without p-well allows a reduction of the sub-
threshold swing as the total capacitance decreases.
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Hosuii rpansucrop GAA FinFET 6es n- i p-kanaiuis
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3MmeHIIeHHs poamipy Meran-okucen-Hamisoposigauk (MOH) mpucTpois npuaBoguTh 10 301IbIIEHHSA BU-
TOKY CTpyMy Yepe3 KBaHTOBI eperTu. Pi3Hl TeXHOJIOTIT, 3aIIPOIIOHOBAHI JIJISI TIOI0JIaHHS 11iel mpobemu. Bapi-
anT crpykryp MOSFET, rakux sk Tri Gate FiInFET a6o Pi gate i Omega gate 1151 HOCHIIEHHS] CTPYMOBOIO
IPUBOJY TA KOHTPOIIO HaJ edekramu koporkoro karary (SCE). V mepemoBux TeXHOIOTNYHIX By3Iax IPOy-
kruBHICTE cxeM CMOS noripuryerbes. Y TeXHOJIOTAX By3siB Huskde 10 HM II0JIBOBI TPAH3UCTOPHU MAIOTh XO-
POIIMIT KOHTPOJIb KAHAJIY 3 BUCOKUM CTPYMOM BBIMKHEHHS. 3apa3 PO3CII0BAHHS IIOTYKHOCTI Ta CTPYM BHTOKY
€ OHIEI0 3 JBOX KJIIOYOBHUX IIPO0JIEM, 3 IKMMU CTHKAETHCS Cy4acHa eJIeKTPOHHA IIPOMUCIIOBICTE Y TEXHOJIOTLI
By3asiB 3 HM. [HII asibTepHATHUBHI IIPUCTPOI, TaKl AK HOBUM moaboBuil Tpauauctop GAA (Gate All Around),
OyJIu 3aIIPOIIOHOBAHI [IJIsI BUPIIIEHHs 1uX 1pobsieM. CTPYKTypa NpUBEPHYJIA yBATy Yepe3 MOMKJIMBUHI IIPOIIEC
IX BUTOTOBJIEHHA. Y I CTATTI BIIEpIe OOCTIIMKEHO TA 3MOJIE/IOBAHO PI3HI €JIEKTPUYHI XapaKTepPUCTUKU
OJILOBOTO TpaHaucTopa 3 n-karasiom HfO2 1715 mokpaiieH s mimoporoBoro 3HaYeHHs. XapaKTePUCTUKU. 3a-
IPOIIOHOBAHA HOBA MOIPABKA JJIs PIBHAHD, III0 BUKOPHUCTOBYIOTHCA B I[iM TEXHOJIOTII, OCKIJIIBKHA OLIbIIE He
HOTPiOHUI AP 3 N-JIyHKAMU, OCKLIIBKY KAHAJI IIPUCTPOIO IIOBHICTIO OTOYEHUI 3aTBOPOM, III0 JI03BOJISIE PO3Mi-
muryBaTtu n- ta p-mpuctpoi B CMOS mabarato 0smskde OOMH J0 OZHOTO, HisK B IMOIEPEIHIX TeXHOJIOTIAX.

Kunrouoei ciosa: [lossoBuit tpansucrop, Keaurosuit ederr, Crpym surory, KMOH.
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