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Abstract. This paper analyses the electrical characteristics of 10 nm tri-gate (TG) N- and P-
channel silicon-on-insulator (SOI) FinFETs with hafiium oxide gate dielectric. The analysis
has been performed through simulations by using Silvaco ATLAS TCAD with the Bohm
quantum potential (BOP) algorithm. The influence of the geometrical parameters on the
threshold voltage Vrn, the subthreshold swing (SS), the transconductance and the on/off
current ratio, lov/lorr, is investigated. The two structures have been optimized for CMOS
inverter implementation. The simulation results show that the N-FinFET and the P-FinFET
can reach a minimum SS value with Fin heights of 15 nm and 9 nm, respectively. In addition,

low threshold voltages of 0.61 V and 0.27 V for N- and P-channel SOI FinFETSs, respectively,

are obtained at a Fin width of 7 nm.
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1. INTRODUCTION

Nanoelectronics is a field of engineering technology which is used for controlling
device properties at the nanometric scale. To meet the increasing demands for high-
performance and high-speed applications, transistors need to be aggressively scaled down.
This poses huge modifications both in the development of new device structures and in the
fabrication processes.

When the channel length is less than 20 nm, Short-Channel Effects (SCEs) become
insurmountable and, consequently, the device performance degrades. Multi-gate FETs
have successfully enabled CMOS scaling and are considered to be the best alternative
structures that can extend to 10 nm node technology.
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Most of the reported FinFETS are fabricated with a silicon channel, they present different
advantages such as: i) reduced SCEs and a low leakage current, ii) superior electrostatic
control through tri-gate structures, iii) reduced effect of substrate bias on the threshold voltage
and excellent carrier transport properties along with more aggressive channel length scaling
possibilities [1].

The conventional FinFET technology has to face the competition from other technology
options because of its high access channel resistance due to its extremely thin body. To
improve FinFET performance, one must address the quantum confinement problem.
Hence, the use of the BQP algorithm, which is based on the Bohm interpretation of
quantum mechanics [8], may become more important.

N.P. Maity et al. in 2017 [22] have explored the application of the promising high-k
dielectric material, HfO2, on MOS devices. They observed that the tunneling current is
inversely proportional to the dielectric constant of the oxide material.

Niladri Pratap Maity et al. in 2016 [23] have developed an analytical model to evaluate
the impacts of the HfO, on the current density model with a comparison between the
theoretical model and the experimental measurements.

Lazzaz et al. in 2022 [27] have demonstrated that quantum effects play a dominant role
in nanostructures. They used the BQP method to fit experimental measurement of the
Ips-Vps characteristics for 14 nm TG N-FinFET.

Neha Gupta et al. in 2020 [28] have explored the performance evaluation of high-k gate
stack on the analog and RF figure of merits (FOMs) of 9 nm SOI FinFET. The results of their
simulation confirm that the limitations of the transistor device such as SCEs, leakage current
and parasitic capacitance have been reduced and pave the way for high-speed switching and
RF application due to the use of high-k dielectric material with SiO; between gate and fin.

Anisur Rahman et al. in 2018 [29] found that Intel’s 10 nm technology achieved scaling
benefits over its preceding 14 nm generation at matched or better transistor reliability.

Marupaka Aditya et al. in 2021 [30] have confirmed that using high-k dielectric
materials increase the ON current and improve the device performance.

Sanghamitra Das et al. in 2021 [31] have studied the effect of FInFET geometric
parameters (channel length and fin height) on the RF FOMs by using TCAD simulations.
Their results confirm that decreasing the channel length or increasing the fin height
improves the RF parameters.

Mostak Ahmed et al. in 2021 [31] have simulated the electrical characteristics of a 3-
D TG N-channel SOI FinFET with a channel length of 5 nm using different gate dielectric
materials. The results of their simulation confirm that high-k dielectric materials are the
better option in the fabrication for future TG FinFET devices.

The above literature survey indicates the importance of using high-k dielectrics in
FinFET devices to reduce SCEs. In this paper, the transfer and the transconductance
characteristics have been computed in order to find the electrical response of TG N- and P-
channel SOI FinFETs with 10 nm channel length. The BQP algorithm has been used from
Silvaco ATLAS TCAD software to simulate the 1-V characteristics.

The simulated devices have been optimized in terms of geometry to have optimal
voltage transfer characteristics (VTC) for a CMOS inverter [14], [15].
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2. DEVICE STRUCTURE

The hafnium-based oxide is extensively used because of its low leakage property and
its high thermal stability with silicon [25]. The geometric parameters used in this simulation
are represented in Table 1 and the operating parameters of the two structures are presented
in Table 2.

Table 1 Geometric parameters

Symbol Designation Value
L Channel length 10 nm
Lp, Ls Drain, source length 12 nm
EOT Equivalent oxide thickness 0.68 nm
Vbb Supply voltage (V) 0.75V

Table 2 Operating parameters

Symbol  Designation Value
Eq Gap energy 112eV
k(Si) Dielectric constant of silicon 119
k(HfO2)  Dielectric constant of hafnium dioxide 24
Neh Channel doping concentration 106 cm3
Nsio Source/drain doping concentration 10%t cm3
D Gate work function 4.85 eV

TG FinFET technology is based on the following fin geometry: fin length (L), fin width,
Wrin, fin Height, Hsin, and oxide thickness, tox.

The numerical resolution, which includes the gate work function and the choice of
physical models, represents one of the two main steps in the Silvaco ATLAS tools. The
Shockley-Read-Hall (SRH) theory has been used.

Figure (1a) shows the top-view layout of TG SOI FinFET with 10 nm gate length, and
Figure (1b) illustrates the 3D schematic view of FINFET. The gate oxide thickness is the
same for all three sides of the fin. The Hsn is considered as the distance between the top
gate and the bottom gate oxides. The Wrin is represented as the distance between front gate
and back gate. Lg is the gate length and BOX is buried oxide.
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Fig. 1 (a) Top-view layout of TG SOI FinFET [21], (b) 3D schematic view of TG SOl FinFET
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All simulations have been performed using ATLAS and DEVEDIT 3D device
simulator and different operating parameters such as the supply voltage, are extracted from
the predictive technology model (PTM) [32].

3.DRAIN CURRENT MODEL OF THE TG FINFET

The device electrostatics is governed by the 3-D Poisson’s equation [5][19]:

d%4(x,y,2) , d%(x,y,2)  d2(x,y,2) _an(x,y,2)
dx? dy? dz? s

)

¢ : Electrostatic potential; g: electron charge; esi: silicon permittivity, n(x,y,z): electron density.

Quantum effects become more dominant and are difficult to control in the device. Hence,
in this study, one must consider them by selecting the appropriate model such as the BQP.

The BQP model can also be used with the energy balance and hydrodynamic models,
where the semi-classical potential is modified by the quantum potential in a similar way as
for the continuity equations [20].

According to the Bohm interpretation of quantum mechanics, the wave function can be
represented in polar coordinates by the following expression [8]:

¥ = Rexp(>) ©)
R: Probability density per unit volume; S has the dimension of an “action” (energy X time)
The Schrddinger equation can be written as:

n? 4 iS iS, is
—?V{M V[Re xp(;)}} +V Re xp(;) = E Re xp( - ) 3)

M-1VS: The local velocity of the particle associated with the wave function.

E is conserved and equal to the sum of the potential energy and V is the kinetic energy [8].

The quantum potential is derived from the use of the Bohm interpretation of quantum
mechanics and it is described by the following equation [8][20]:

2 V(MT'VR)
2 R

The threshold voltage expression in the case of a FinFET structure can be defined by [18]:

Q= (4)

Vi =V, + 280 + 22 ANz (2] Vi) ~ 2 ©

0oX

Vip: Flat band voltage; @s: Body potential; Cox: Gate oxide capacitance; g: electron charge;
Ns: Doping concentration; &s: dielectric constant of the semiconductor; Vsy: the reverse bias
between the source and the body; Aq: drain-induced barrier lowing (DIBL) coefficient; Ags:
channel length modulation; Ay: barrier variation coefficient.
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The transconductance, gm, represents the drain current variation with respect to gate
voltage. It is represented by the following equation [4][13]:

dl
On= —2 (6)
dVgs
SS is a major parameter for calculating the leakage current, and is calculated as [13]:
S dVg @
d(logy, I ps)
The value of the DIBL is [3]:
piBL = AV 8

DS

Vr: threshold voltage; Vos: drain-source voltage.

4. RESULTS

FIinFET is considered to be a promising candidate for ultimate CMOS device structure
because it has robustness against SCEs and higher current drivability. SOl FinFETSs have
shown several advantages over bulk FinFETs. SOI FinFET could suppress the leakage
current between source and drain through the body below the channel fin, and it has low
source/drain-to-substrate capacitance, thereby improving the speed characteristics.

In this section, the effect of changing the fin width and the fin height is analyzed and
investigated for FinFET structures. The different electrical parameters which are derived
in this simulation, such as leakage and SS, are compared with other published results
[9][12][17] in order to validate our model.

The BQP model has better convergence properties in many situations and it can be
calibrated against results from the Schrddinger-Poisson equation under conditions of
negligible current flow.

4.1. Simulation and analysis

SRH theory accounts for the generation and recombination of charges carriers through
electron and hole capture and emission states within the energy gap.

The software TCAD was used to simulate the structure and the characteristics of the
TG FIinFET. Figure 2 represents Ips-Ves transfer characteristics of the N-channel FinFET
in linear scale with Vps = 0.7 V, which is higher than the threshold voltage. The ON current
in this simulation is 4 pA when Vgs = Vpp.

One can observe that the threshold voltage, Vv, in this simulation is 0.62 V.

The Vry of the device is related to the position of the fermi level with respect to the
sub-bands energy levels. Increasing the fin height will actually reduce the carrier quantum
confinement, thereby reducing the sub-band energy.
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Fig. 2 Transfer characteristics for N-channel FinFET

To include quantum confinement in the computation of the 1p-Vgs characteristics, BQP
has been used. As a result, a correction of the value of drain current has been achieved.
Figure 3 represents the transfer characteristics in logarithmic scale. The gate voltage is
swept from 0 to 0.75 V. We note that the leakage current is 10" A when Vgs =0 V.

The leakage current obtained in this simulation is less than that obtained by Dhananjaya
Tripathy et al [26].
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Fig. 3 Transfer characteristics N-channel FinFET in logarithmic scale

Figure 4 represents the output characteristics for N-channel SOI FinFET. We note that
the drain saturation current is 2x10A at Vps = Vpp = 0.75 V. We observe that the Early
effect is more pronounced.

We find that an increase in Ves will result in higher channel conductivity. The output
characteristics have been obtained for Vgs = 0.7 V.
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Fig. 4 Output characteristics of N-channel FinFET

Figure 5 represents the transconductance of N-channel FinFET. The gate voltage is
swept from 0 to 0.75 V. We note that the maximum value of the transconductance at Vps
=0.7 V is 5x10° A/V.
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Fig. 5 Transconductance characteristics of N-channel FinFET

The higher value of the transconductance can be attributed to the higher strain in the
short channel device. The transconductance peak can be reduced by reducing the channel
length. Shorter gate length, L, provides less resistance and lower surface-roughness
scattering, which leads to a higher transconductance and mobility. The higher mobility is
induced by the quasi-ballistic transport instead of mobility increase.

Table 3 represents the different performance parameters of N-channel SOI FinFET [6][11]:

Table 3 Performance parameters of N-channel FinFET

Parameter Value
lon 4 yA
lorr 1014 A
lon/lorr 4x108
VTH 0.62V
DIBL 21.05 mVIV

SS 79.48 mV/dec
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The values of SS and DIBL indicate a performance comparable with the state of the art
obtained in PTM 10 nm HP NMOS and PMOS, such as the value of SS which is 102.4
mV/dec and DIBL which is 212 mV/V. But, we must optimize these values in order to
have a good performance of the device [17].

The SS provides a good performance comparable to the one obtained by Ajay Kumar et al
[12], and the calculated performance ratio is better than that obtained by Buryk et al [9].

Figure 6 represents the transfer characteristics of P-channel FinFET in linear scale with
Vsp = 0.7 V. We note that the ON current in this structure is 6.25x10° A.

The ON current is measured at Vsg = Vpp= 0.75 V. The value of the threshold voltage
in this simulation is 0.30 V.

The performance ratio, lon/lorr, calculated in this simulation is higher than that
calculated by A.S. Opanasyuk et al [9].
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Fig. 6 Transfer characteristics of P-channel FinFET

Figure 7 represents the transfer characteristics of P-channel FIinFET in logarithmic
scale. We note that the leakage current is 1.58x10® A when Vsg = 0 V.
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Fig. 7 Transfer characteristics in logarithmic scale of P-channel FinFET
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Figure 8 represents the output characteristic of P-channel FinFET. We note that the
drain current saturation is 5.5x10° A.

Vs6=0.7V
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Fig. 8 Output characteristics P-channel FinFET
Table 4 represents the different performance parameters:

Table 4 Performance parameters of P-channel FinFET

Parameters Values

lon 5.5x10° A
lorr 2.51x10¢ A
lon/lorr 2.19x103
VTH 031V

SS 133.50 mV/dec

4.2. Effect of the fin height

In this section, we investigate the impact of the fin height variation on Ip-Vgs characteristics.
Quantum effects are included in the simulation. We think that the calculated optimized values
of heights in N- and P-channel FinFETs can be used as geometric parameters in the PTM for
the design of CMOS inverters.
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Fig. 9 Transfer characteristics with different fin heights for N-channel FinFETs



628 A.LAZZAZ, K. BOUSBAHI, M. GHAMNIA

Figure 9 represents the transfer characteristics of N-channel FinFETs with different height
values, 9 nm, 11 nm, 13 nm and 15 nm. It is clear that as we increase the fin height, the ON
current increases from 2.5 pA up to 4 pA. The ON current allows the driving capability of the
device. The increase of fin height increases the inversion charge density and thereby increases
the ON current [24]. We note that the leakage current increases with the increase of the fin
height because trap-assisted-tunneling is more important than direct tunneling.

Table 5 represents the impact of fin height on the subthreshold swing and the threshold
voltage of the simulated device:

Table 5 Impact of fin height of N-channel FinFET

Parameter 9 nm 11lnm 13nm 15nm
SS (mV/dec) 73.86 78.57 79.76 83.75
V1H (V) 0.67 0.66 0.65 0.64

We note that the increase of fin height increases the subthreshold swing, and the threshold
voltage decreases in the device. The increase of the subthreshold swing is due to the increase in
the total capacitance, so we need to minimize the parasitic capacitance in order to reduce the
power consumption. The decrease of the threshold voltage Vw is due to the decrease of the
fermi level.

Figure 10 represents the impact of fin height on the performance ratio (lon/lorr). We
note that the increase of fin height up to 13 nm decreases the performance of the device.
The performance ratio increases because of the decrease of leakage current [2].
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Fig. 10 The impact of fin height on the performance ratio of N-channel FinFET

The suitable value of fin height for the simulated device is 15 nm because it shows a
larger performance ratio equal to 4x10°.

Figure 11 represents the impact of fin height variation on P-channel FinFET transfer
characteristics. We note that the ON current increases with the increase of fin height.

We note that the leakage current increases with increase of fin height because direct
tunneling is more important than trap-assisted-tunneling.
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Fig. 11 Impact of Fin height on the transfer characteristics of TG P-channel FinFET

Table 6 displays the impact of fin height on subthreshold swing and V4 in 10 nm P-
channel FinFET.

Table 6 Impact of Fin height on P-channel FinFET

Parameter 9nm 11 nm 13 nm 15 nm
SS (mV/dec) 129.62 137.50 133.33 133.50
V1h (V) 0.35 0.33 0.32 0.31

The variation of subthreshold swing is due to the total capacitance of the device. The
threshold voltage in P-channel FinFET decreases with increasing fin height.

Figure 12 illustrates the impact of fin height on performance ratio of P-channel FinFET.
We note that the increase of fin height until Hsin = 13 nm decreases the performance ratio,
then the performance ratio increases when Hyin > 13 nm because of the decrease of the
leakage current[2].
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Fig. 12 Impact of fin height on the performance ratio of P-channel FinFET

The suitable value of this optimization is 9 nm because it allows a desirable performance
ratio.
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4.3. Effect of Fin width

In this section, we investigate the impact of fin width on the performance of N-channel
FinFET.
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Fig. 13 Impact fin width on N-channel FinFET

Figure 13 shows the transfer characteristics of N-channel FinFET for different values
of fin width. The gate voltage is swept from 0 V to 0.75 V. We note that the ON current
increases from 4x10° A up to 5.25x10°% A, then it falls down to 3.30x10® A because the
strain effect in the channel increases. The large fin width decreases the mobility and the
inversion charge and results in a smaller drain current.

The leakage current increases from 1014 A up to 3.16x10*2 A when fin width is 9 nm.
When fin width is greater than 9 nm, the leakage current decreases down to 1.58x10% A
because direct tunneling is more important than the trap-assisted-tunneling.

The following Table 7 represents different values of subthreshold swing and Vrn for
different fin widths. We note that the subthreshold swing and the threshold voltage increase
with increasing fin width.

Because of the quantum effects along the Wk, direction, the channel electrons will
populate the discrete sub-bands. The Vrw will increase because more gate-bias is required
to populate electrons into the lowest sub band, which is significantly above the bottom of
the conduction band by eVrh.

It should be underlined that a large fin width allows the enlarging of the total gate width
therefore, the gate and depletion capacitance increases and subthreshold swing increases [16].

Table 7 Impact of Fin width of N-channel FinFET

Parameter 7nm 8 nm 9nm 10nm
SS (mV/dec) 95.31 106.89 114.54 171.05
VtH (V) 0.61 0.62 0.63 0.65

Figure 14 illustrates the performance ratio of N-channel FinFET, we note that lon/lorr
decreases down to 1.66x10° with Wrin = 9 nm then, the performance ratio increases up to
4x108.The increase of the performance ratio is due to the decrease of leakage current [2].
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Fig. 14 Impact of width fin on the performance N-channel FinFET

Transistor dimensions are scaled down in order to improve drive current and circuit
speed and the ratio lon/lorr is needed to exceed 10° [2].

The suitable value of fin width on N-channel FinFET is 10 nm because it has the best
performance ratio 4x108.
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Fig. 15 Impact of fin width on P-channel FinFET

Figure 15 represents the impact of fin width on the transfer characteristics of P-channel
FinFET, we note that the ON current increases and the maximum value is  6.25x10°6 A.

The increase of fin width increases the leakage current in the device after Wsin=9 nm
because direct tunneling current is more important than trap-assisted-tunneling.

Figure 16 represents the impact of fin width on performance ratio of P-channel FinFET.
We notice that the performance of device decreases with increasing fin width up to 9 nm,
then above this value, it starts to increase [2].



632 A.LAZZAZ, K. BOUSBAHI, M. GHAMNIA

-
(=

350F - N [T ............. - ............ S

300

Ton/ToFr

250F ............ EING ........... ........... frrn
200} - § o) : et .

7| IN— ............ ........... . s ERSRREIREN

100

7 7.5 8 8.5 9 9.5 10
‘Wiin(nm)

Fig. 16 Impact of fin width on the performance ratio of P-channel FinFET
Table 8 represents the different results of subthreshold swing and Vw of P-channel FinFET:

Table 8 Impact of Fin width of P-channel FinFET.

Parameter 7nm 8 nm 9 nm 10nm
SS (mV/dec) 168.75 175.01 132.01 137.25
VT1H (V) 0.27 0.28 0.33 0.35

The increase of threshold voltage is due to the presence of the sub bands. The quantum
confinement raises the conduction band edge, Ec, to the lower order eigenvalues. This shift
has a direct influence on the device threshold voltage because as it requires more band
bending (potential energy lowering) in order to create the inversion layer [10].

The variation of subthreshold swing is due to the total capacitance of the device [7].
The suitable value of fin width in P-channel FINFET is 7 nm because it has a larger
performance ratio of 4x102.

5. DiscussioN AND CONCLUSION

Throughout this study, we have shown that both N- and P-channel FinFETs have good
performance ratios only when short-channel effects are minimized.

We have also shown that the BQP algorithm is a good simulation tool for computing
parameters that control the quantum effects. It also allows the calculation of the optimal
geometrical parameters for optimal performance of devices that can be implemented in
CMOS circuits.

The results show that in order to have a good threshold voltage, one needs to increase
the fin height that allows the increase of the energy level of the sub-bands.

To minimize the SCEs, the subthreshold swing must be around 60 mV/dec and the total
capacitance must be decreased in both devices by using high-k oxides and wide thicknesses.

The integration of tri-gate SOI FinFET provides new opportunities in achieving high
performance in CMOS technology. This requires the improvement of certain parameters
such as leakage currents and the control the threshold voltages.
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We have also shown that the device characteristics depends on fin widths and fin
heights. As a result, 10 nm FinFET with hafnium dioxide using quantum confinement can
be considered as a promising device for future CMOS manufacturing process. Our results
can be used as Spice parameters for PTM in CMQOS inverter design.
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