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In this paper, we present our numerical study on the short-channel performance of a FinFET. Our
theoretical work is based on the solution of the Poisson-Schrédinger equations in a self-consistent
manner. The calculated current-voltage (I-V) characteristics from our two-dimensional solver were
compared with experimental data. To suppress the short-channel effects of a nanometer-scale
FinFET, the structural dimensions such as the Si-fin thickness (Ty;,) and the gate length (Lg)
were optimized in terms of subthreshold swing, threshold-voltage roll-off, and drain-induced barrier

lowering as well as the transconductance. Quantum-confinement effects for the electron density

were also examined by varying T ip.
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I. INTRODUCTION

Recently, a double-gate (DG) structure has attracted
a great deal of attention for its potential to be applied
to sub-40 nm MOSFETs. Among the many versions of
DG MOSFETS, a self-aligned DG MOSFET structure,
a so-called FinFET, is one of the most promising can-
didates for the implementation of a nano-scale planar
MOSFET [1-5]. In order to optimize the structure of a
FinFET, it is necessary to undertake a two-dimensional
(2-D) quantum-mechanical (QM) simulation, due to its
inherent quantum effects on the electronic properties in
the nano-scale regime. To fulfill the numerical simula-
tion of nano-scale structures such as FinFET, we need to
obtain a self-consistent solution of the coupled Poisson-
Schrodinger equations.

In this paper, we report our self-consistent QM ap-
proach for the analysis of FinFETs. The electrical per-
formance of FinFETs was carefully investigated in terms
of channel length (Lg) (10 ~ 80 nm) and Si-fin thick-
ness (Tfipn) (5 ~ 75 nm). Structural optimizations were
performed in order to suppress the short-channel effects
(SCE) and simultaneously to increase transconductance
(Gyn). Some critical parameters such as subthreshold
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swing, threshold-voltage (V;) roll-off and drain-induced
barrier lowering (DIBL) were examined. At the same
time, the differences between the classical and QM sim-
ulation results and especially quantum effects were ex-
amined in terms of I-V characteristics and electron den-
sities.

II. NUMERICAL MODEL

The 2-D QM model for obtaining the band structure is
based on the self-consistent solution of coupled Poisson-
Schrédinger equations:

V- [e(z,y)Ve(z,y)] = —p(z,y), (1)
p(z,y) = q[=n(z,y) + p(z, y)
+Ng(x7y)_Ng(x7y)]v (2)
h? 1
—7V- [Wv\lln(x,y)] +V(z,y)¥,(z,y)
= E,V,(2,9), (3)

where € is the dielectric constant, ® the electrostatic po-
tential, p the total charge density, n and p the electron
and hole concentrations, NB and N, the ionized donor
and acceptor concentrations, ¥, (z,y) the wave function
of nth eigenstates, n Planck’s constant divided by 2,
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m*(x,y) the effective mass, E,, the energy of n'" eigen-
states, and V the potential energy, which is given by
V(z,y) = AE.(x,y) — q®(x,y). Here, AE.(x,y) is the
band offset in the conduction band.

The mixed Dirichlet and von Neumann boundary con-
ditions are used for the Schrodinger equation, because
pure Dirichlet boundary conditions force the density to
decrease down to zero at contacts while the density
increases for the von Neumann boundary conditions.
For these reasons, we solve the Schrodinger equation
with Dirichlet and Neumann boundary conditions re-
spectively, and normalize the states to 1/2. The mixed
Dirichlet and von Neumann boundary conditions are
given by the following equation:

/|\I!(z)|2dz =1/2. (4)

This means that we obtain a constant function by
summing cosine functions from Dirichlet boundary con-
ditions and sine functions from von Neumann boundary
conditions with normalization to 1/2.

By solving the Schrodinger equation, we obtain the
quantized states which are occupied with the local quasi-
Fermi levels. The 2-D quantum electron density is found
by using

1
n(z,y) = ;;\/an*k31’§£:|¢y(x,y)ﬁ
J

Er—E;
XF_1/9 (%)7 (5)

where E; and ¥;(z,y) are the energy and the wave func-
tion of the j* eigenstate, Fr(z,y) the Fermi level, and
Fy, the Fermi-Dirac integrals of order k. These integrals
are defined as follows:

1 < uFdu
F = k>-1 6
k() F(k+1)/o Tfewn "= 0 (©)
and also have the following property:
d
%Fk(n) =Fp1(n), k<-1 (7)

We obtain the semi-classical current solution from the
1%t moment of the Boltzmann equation by adopting a
simple drift-diffusion model for the electron current:

In(2,y) = pin (2, y)n(2, y)V Epn (2, y)- (8)

The continuity Equation for current density is given
by

VJn(xvy) = —R(I',y). (9)

As per a model of carrier mobility, a physics-based and
semi-empirical model was employed for the wide range of
channel doping, electric field, and temperature. To take
various scattering mechanisms into account, the Math-
iessen rule was applied in order to fully consider a specific
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scattering mechanism extracted from experimental data
as a function of doping concentration, electric field, and
temperature for carrier mobility in the channel [6].
1 1 1 1
— + +

12 My Hac Msr ’
where pyp is the carrier mobility in bulk, p,. the car-
rier mobility from the surface acoustic phonon scatter-
ing, and pg, the carrier mobility from surface roughness
scattering.

The bulk mobility, u, uses the empirical model ex-
pressed by Masetti et al. [7] which depends on the im-
purity concentration and temperature.

(10)

/J'maa:(T) — Mo
1+ (NA/CT)O‘

M1
1+ (Cs/Na)?’ )

/Jfb(NA;T) = Ko +

ponas (1) = pns (15 ) (12)

where N4 is the local acceptor concentration, and 7,
= 2.42, the initial estimate for ~.

The electron mobility for the acoustic phonon scatter-
ing and nondegenerate surface, 4., is expressed by [6]

BT C 1
=22+ | = 1
:uac(EJ_; ) <El + Ei/?’) Ta ( 3)

where F| is the perpendicular electric field to the direc-
tion of current flow. Further, B and C are fitting param-
eters with initial values of Bj,;; = 3.1 x 108 cm/s and
Cinit = 3.0 x 107 (V/cm)~2/3.K-cm/s based on physical
quantities such as deformation potential, mass density of
silicon, and effective thickness of inversion layer [8].

At very high perpendicular electric field, surface
roughness scattering, g, significantly affects the inver-
sion layer mobility. It is described as follows [6]:

par(EL) = 2 (14)

=5
where § is a constant depending on the oxide growth
condition, and the initial value of § is i = 6 x 101
V/s.

For the above carrier mobility model, we have ar-
ranged the optimized results for the model fitting pa-
rameters in Table 1 for electrons and holes.

In order to obtain self-consistent QM solutions, we
have employed an iterative procedure [9]. We start out
by calculating the electric potential. Next, the pro-
gram calculates a charge distribution by using an iter-
ation scheme. Thereafter, the program determines self-
consistent solutions of Poisson-Schrédinger and current
equations [9]. The Newton method has been employed
with a constraint that should satisfy error criteria as out-
lined in [3].

Figure 1 shows a schematic top view of the cross sec-
tion of the FinFET modeled in this work. Two metal
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Table 1. Mobility model parameters.
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Parameter Electrons Holes Units
Ho 52.2 44.9 cm?/Vs
Pmaz 1417 470.5 em?/Vs
m 43.4 29.0 cm?/Vs
C- 9.68 x 10*¢ 2.23 x 10*7 cm™®
Cs 3.43 x 10%° 6.10 x 10%° cm™®
a 0.680 0.719 -
8 2.00 2.00 -
ol 2.5 2.2 -
B 4.75 x 107 9.93 x 107 cm/s
C 1.74 x 10° x N%!%° 8.84 x 10° x N%!2° N4 in cm™3
) 5.82 x 10 2.05 x 10 -
From Ref. [7]
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Fig. 1. Schematic diagram illustrating the top view of the
cross section of the FinFET used in this study.

gates with gate length L, and work function ®); = 4.1
eV are located symmetrically on both sides of the silicon
fin. The source and drain regions are modeled as ohmic
contacts with a doping of 1 x 10%°/cm?®, and under the
gate doping is 1 x 10*®/cm?®. The oxide thickness (T,;)
is 2.5 nm, and L, varies from 10 nm to 80 nm. As a
test vehicle for verifying the validity of our numerical
simulation, we chose an n-channel FinFET because of

its good short-channel performance down to sub-10 nm
MOSFETs.

III. SIMULATION RESULTS

In this work, we estimated the SCE of FinFETs and
optimized G,,, by performing the simulations for differ-
ent Ly and Ty, Figure 2 shows conduction-band pro-
files from source to drain, which are performed under the
conditions of Ly = 40 nm, Ty, = 10 nm, Vg = 0.1 V
and V, varying from 0.0 V to 0.3 V. The peak value of
the conduction band is adjusted by the variation of the
gate-voltage variation. Figures 3 and 4 demonstrate the

Position along the channel [nm]

Fig. 2. Conduction-band profiles from source to drain for
Ly =40 nm, Ty, = 10 nm, Vg = 0.1 Vand V4 =0.0 ~ 0.3
V.
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Fig. 3. 14-V4 curves for n-channel FinFETs with L, of 10
~ 80 nm and Ty;, = 20 nm.

Iq-Vg4 curves for n-channel FinFETs for different devices.
From these figures, we can see clearly that a FinFET
with thinner Ty;, and shorter L, shows better device
characteristics than thicker and longer ones.

To analyze the SCE, we extracted some parameters
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Fig. 4. 14-Vg4 curves for n-channel FinFETs with T, of
5 ~ 15 nm and Ly, = 40 nm.
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Fig. 5. Subthreshold swing of n-channel FinFETs in terms
of Ly for different T fsr,.

of subthreshold swing, V; roll-off and DIBL. Figure 5
demonstrates the subthreshold swings for an n-channel
FinFET as a function of L, for different Ty;,. In this
work, we performed simulations with L, varying from 10
nm to 80 nm and Ty, varying from 10 nm to 40 nm.
The simulation results for Ty;, = 10 nm and 20 nm at
V4 = 1.5 V exhibit good SCE. Figure 6 demonstrates
the V; roll-off characteristic under the same condition
as Figure 5. The numerical simulation results also show
good SCE at smaller Ty;,. Figure 7 shows the DIBL,
which is performed under the same conditions as those
of Figure 5. The strength of the DIBL is measured from
the difference of V; as drain voltage changes from 0.1 V
to 1.5 V in order to find smaller values than 10 mV/V
and to control the devices over wide ranges of L.
Figures 8 and 9 show the functional dependence of G,,,
on Ty;, and Ly at Vg = 0.05 V and 1.5 V, respectively.
Each simulation result reveals that G,, increases as T'y;,
and L, increase. However, the value of G, is found to
peak at Ty;, = 65 nm and Ly = 60 nm. The reason for
this is that as long as thicker T'f;, and longer L, increase
the parasitic resistance, the carrier mobility is increased
as well. However, the charge centroid is reduced at the
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Fig. 6. V; roll-off of n-channel FinFETSs in terms of L, for
different Tfip.
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Fig. 7. DIBL characteristics of n-channel FinFETs as a
function of L.
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Fig. 8. Dependence of G on Tyin. Gmmaez = 380 [S/m]
at Ty = 65 nm, and Gmmaz = 375 [S/m] at Ty = 75 nm.

same time. Consequently, we can obtain the optimal L,
and Tg;,s. To verify the validity of our simulation, we
compared our calculations with the experimental results
reported in the literature [5]. Figure 10 shows the com-
parison of the I;-V, characteristics for a FinFET with
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Fig. 9. Dependence of G, on Ly. Grmaz = 1760 [S/m]
at Ly = 60 nm, and Gmmaz = 1689 [S/m] at Ly = 80 nm.
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Fig. 10. I4-V4 curves for a simulated n-channel FinFET
with Ly = 30 nm, Ty, = 20 nm, compared to experimental
data.
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Fig. 11. Difference in the simulation results (I5-V,4 curves)
with QM and classical methods.

Ly = 30 nm, Ty, = 20 nm and Vg = 0.1 V and 1.5
V, respectively. The calculated value of the subthresh-
old swing is 74.6 mV/dec at V4 = 1.5 V. In spite of
the low channel doping concentration (phosphorus = 1
x 101 em™3), the subthreshold leakage current is well
suppressed. The subthreshold leakage current is one of
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Fig. 12. Comparison of the classical and QM electron den-
sity for a cut through the Si channel.
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Fig. 13. Cross section of the QM electron density for Ly
=40 nm, Ty, = 10 nm, and Vg = 0.1 Vat V, = 0.2 ~ 0.6
V.

the most important factors for the nano-scale semicon-
ductor devices such as the FInFET type. Therefore, an
accurate model for the subthreshold leakage current is
very crucial for the low-voltage device. However, the
effect of impact ionization has not been considered, de-
spite the great effort regarding the subthreshold leakage
current for DG MOSFET structure. In this work, we
considered the leakage current from impact ionization
and thermionic emission. The subthreshold leakage cur-
rent caused by the impact ionization in the high-electric
field region can be modeled by the channel carrier con-
centration (np), effective channel length (L.s¢), and the
coefficient (ay) which is related with the electric field (E)
in the channel. Tt is as follows [10]:

‘Ileak‘age| = ID . Leff o7

= Ip-Leps - ap-exp {—0} , (15)

Ip=q-W nep - vegy, (16)

where Ej is the reference electric field, W the gate width,
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Fig. 14. Cross section of the QM electron density for Ly =
40 nm, Tfip = 10 nm, Vg = 0.4V, and Vg = 0.1 V for Ty,
equal to (a) 5 nm, (b) 10 nm, and (c) 15 nm.

and v.ys the effective drift velocity. We also note that the
reverse leakage current is formed by electron-hole pairs
in the high-field region and drift-diffusion component of
minority carriers in the depletion region. The reverse
leakage current is also strongly related with the Schottky
barrier height and significantly increases at large reverse
gate bias, due to the thermionic emission and tunnel-
ing from the gate to the channel. For the structure of
DG-SOI MOSFETs including FinFET, the application
of impact ionization and thermionic emission is very im-
portant because the electron-hole pairs caused by impact
ionization are generated while most of the electrons flow
through the center of the bulk and these carriers affect
the determination of potential in the bulk. Also, impact
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ionization can be dominantly influenced by Ty, while
thinner T, is able to suppress effectively the subthresh-
old leakage current due to the injection of holes in the
high-field drain region [11].

Finally, we compared differences in the simulation re-
sults for classical and QM simulations. Figure 11 shows
the differences in the 14-V, characteristics for the two
approaches. Here, we find that for the QM simulation
the current is suppressed compared to the classical one,
due to the quantum-confinement effects. A comparison
of the classical and QM electron density as seen for a
cut through the Si channel is shown in Figure 12, and
QM electron-density variations by changing V, from 0.2
V to 0.6 V are shown in Figure 13. For a sufficiently
thin layer, the peak of QM electron density is located
further away from the Si/SiOs interface, in comparison
with the classical density. The reason for this repulsion
of the quantum density from the Si/SiO interface lies
directly in the wave nature of the inversion-layer carri-
ers, which are all located in quantized sub-bands [12].
Figures 14(a), (b), and (c) demonstrate the distribution
of electrons for several Ty, (a) Trip = 5 nm, (b) Ty
= 10 nm, and (c) T, = 15 nm. These simulations per-
formed under conditions of Ly = 40 nm, V, = 0.4 V, Vy4
= 0.1 V exhibit clearly the quantum repulsion discussed
earlier, as the peak of electron density is located farther
from the Si/SiO» interface as the silicon channel becomes
thinner. From these results, we can confirm that the in-
clusion of QM size quantization effects is crucial for the
accurate simulation of narrow-channel structures, espe-
cially with respect to I-V characteristics and the electron
density near the oxide interface.

IV. CONCLUSION

In this paper, we report our 2-D numerical modeling
and simulation results for nano-scale FinFET's, together
with a comparison with the experimental data. The sim-
ulation reveals that short-channel effects can be appre-
ciably suppressed by optimizing the structure of the Fin-
FET with respect to the influence of L, and Ty, on
G,,. Quantum effects for thin layers are investigated for
the electron density by varying T;, and by comparing
the simulation results for classical and QM simulation.
Our simulation results imply that the FinFET structure
is a promising candidate for implementing sub-30 nm
MOSFETSs. Our results also show that a self-consistent
solution of the coupled Poisson-Schrédinger equations
is mandatory in order to accurately analyze nano-scale
structures such as FinFETs.
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