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Abstract

In this paper we present three-dimensional (3D)
simulations of nanowire transistors (SNWTs), based
on the self-consistent solution of the Poisson and
Schrodinger equations, in which two dimensional
confinement and one-dimensional (1D) transport of
electrons in the channel have been considered. In
particular, the continuity equation has been solved in
1D subbands for both the semiclassical and quantum
ballistic regime, and in the drift-diffusion regime, in
order to consider both limiting cases.

I. INTRODUCTION

Silicon Nano Wire Transistors represent a promising
alternative architecture to the conventional planar tech-
nology for devices at the end of the ITRS roadmap [1],
because of the improved electrostatic control of the
channel via the gate voltage and the consequent sup-
pression of short channel effects [2-5]. Since electro-
static play an important role in these devices, simula-
tions can represent a valid tool in order to understand
device behavior and to give design guidelines. Three-
dimensional drift-diffusion simulations have been per-
formed in Refs. [2, 3] to study the optimum configu-
ration that reduces short channel effects, and in [6-8],
where quantum corrections to the electron density have
been considered. In [9] instead, a simulation study of
ballistic SNWTs with different cross sections, has shown
advantages with respect to Double Gate MOSFETs, as
far as downscaling is concerned.

Here we focus on some important aspects of the elec-
trical properties of SNWTs that are still open. Indeed, as
demonstrated in [10], silicon MOSFETSs with effective
channel length smaller than 50 nm will not be fully bal-
listic, so it is reasonable to assume that even for SNWTs
scattering events can occur and a fully ballistic assump-
tion can be considered as a limiting case. Transport in
SNWT is then likely to be in an intermediate regime
between ballistic and drift-diffusion, and its simulation
would require the detailed knowledge of the scattering
rates of electrons in the 1D subbands. Relevant infor-
mation can be obtained by considering the two limit-
ing cases (ballistic and drift-diffusion), assuming that a
partially ballistic transistor would have an intermediate

behavior. Another important aspect of interest is source-
to-drain tunneling, that is expected to have a significant
impact on the shortest devices.

Here, we investigate the electrical properties of
SNWTs using an in-house developed 3D code based
on density functional theory, in which Poisson,
Schrddinger, and current continuity equations are solved
self-consistently in the 3D domain, to understand what
are the scaling prospectives of such devices, the achiev-
able performance, and the relevance of source-to-drain
tunneling. The Schrodinger equation is decoupled adia-
batically in a series of 2D equations on each transversal
slice and 1D equation along the transport direction.

In particular, we have considered a device structure
with rectangular cross section (5 nm X 5 nm), in which
fully ballistic and drift-diffusion transport in 1D sub-
bands has been considered. As a consequence, we have
been able to define an upper and a lower limit for the
SNWT performance, deriving significant quantities such
as the DIBL and the subthreshold swing as a function of
channel length.

II. PHYSICAL MODELS AND NUMERICAL
METHOD

The three-dimensional Poisson/Schrodinger equation
has been solved self-consistently with Density Func-
tion Theory (DFT), in the local density approxima-
tion [11], by means of the Newton-Raphson algorithm
with the predictor/corrector scheme similar to that pro-
posed in [12]. In particular, the Schrodinger equation
is solved at the beginning of each NR cycle, then, the
eigenfunctions are kept constant until the NR cycle con-
verges (i.e. the correction on the potential is smaller
than a predetermined value), while the eigenvalues are
adjusted by a quantity equal to ¢ — ¢, where ¢ is the
potential computed at each NR cycle, while ¢ is the po-
tential used to computed the Schrodinger equation.

Since in the considered devices, the confinement is
strong in the plane perpendicular to the current direction,
we have decoupled the Schrodinger equation in a two
dimensional equation in the plane of confinement, while
continuous states have been considered in the direction
of propagation [13].

Energy levels split in well separated 1D subbands,
that we assume to be uncoupled.



In particular, in order to define an upper limit for
the device performance, we have solved the continuity
equation in each subband in the fully ballistic approx-
imation, both in the semiclassical and in the quantum
case.

The source-to-drain current (I ps,) in the generic i-th
subband E; reads,
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where KT is the thermal energy, 7 is Plank’s constant,
and fs and fp are the Fermi-Dirac functions with the
Fermi level of the source and the drain, respectively. The
transmission coefficient 7;(E), in the semiclassical case,
is zero for energy below the maximum of E;, and equal
to one otherwise [14], while, in the quantum case, it is
computed by means of the transmission matrix formal-
ism.

The lower limit of device performance is repre-
sented by the drift-diffusion transport, addressed with
the Scharfetter and Gummel scheme [15].

In particular, the density current for electrons in the
i — th subband (J,,,) reads
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where np, is the linear electron density, and u,, and D,
are the mobility and the diffusion coefficients for elec-
trons, respectively.

For what concerns the mobility, velocity saturation
has been taken into account by means of the Caughey-
Thomas model [16],
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where & is the longitudinal field, v, is the velocity sat-
uration (vs, = 1.1 X 107 cm/s), y is a constant fitting pa-
rameter (y = 2 is a common value for electrons at room
temperature), while po has been computed by means of
the Mathienssen’s rule combining lattice, and impurities
scattering described by the unified mobility model pro-
posed by Klassen [17].

Once computed np,, the three-dimensional electron
density (n) reads

2
n= Z [yil“n1p,
7

where || are the eigenfunctions associated with the i —
th subband.

From a numerical point of view, we note that eq. (4)
does not obey, as it is, to the the predictor/corrector
scheme, since it does not depend explicitly to the po-
tential ¢ at each NR cycle. Indeed we have encoun-
tered convergence problem, that on the other hand can
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FIG. 1: Three-dimensional structure of the simulated Silicon
Nanowire Transistor.

FIG. 2: Electron density isosurface (n=1.4 x 10'® cm~*) com-
puted for the SNWT with channel length equal to 15 nm, for
a gate voltage Vs = 0.5 V and a source-to-drain voltage
Vps =0.5 V.
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FIG. 3: Transfer characteristics computed for Vps = 0.5 V, for
the L = 25 nm and L = 7 nm devices.
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FIG. 4: 1,, current as a function of the channel length
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FIG. 5: I, current as a function of the channel length

be avoided modifying eq. (4), inserting a Maxwell-
Boltzmann like correcting factor

M
n=>"lyilmp,exp(¢ - ) ©)

III. RESULTS AND DISCUSSIONS

In Fig. 1 the simulated SNWT structure is shown.
The oxide thickness is 1.5 nm, and the channel length
L ranges from 7 to 25 nm. Degenerate statistics is con-
sidered in the wire. For simplicity, the gate is metallic.

In Fig. 2 the isosurface of the electron concentration
for a device with channel length equal to 15 nm nanome-
ter is shown : the gate and the source-to-drain voltages
are equal to 0.5 V, i.e. the device is in the saturation
regime, as confirmed by the constriction in correspon-
dence of the drain.

097 ‘ 7

07+ .

> 05F ]

03 1

| a -

01+ 1
0 Eimax 005 0.1 0.15 0.2

Energy (eV)

FIG. 6: Argument of integral in Equation (1). The upper curve
is the argument in the semiclassical case, while the lower curve
the argument in the quantum case. Tunneling current is larger
than the semiclassical current, since the area a is larger than
the area b.
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FIG. 7: Sub-threshold slope as a function of the channel length
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FIG. 8: Drain Induced Barrier Lowering as a function of the
channel length

In Fig. 3 the transfer characteristics are plotted for



L=25 nm and L=7 nm, respectively, for a drain-to-
source voltage Vpg=0.5 V. It is evident that for both
devices the current in the ballistic case is much higher
than in the drift-diffusion case. For a channel length
of 7 nm source-to-drain tunneling is significant both in
sub-threshold and in strong inversion conditions, while
for L=25 nm tunneling is quantitatively relevant only in
strong inversion. Such behavior is more clear if we con-
sider 1,, and I, as a function of L , shown in Figs. 4
and 5, respectively. We have defined /,¢ as the current
obtained for Vpg = 0.5 Vand Vgg =-0.5V,and I,, as
the current obtained for Vpg = 0.5 V and Vgg = 0.5 V.
The dependence of 1,,, on L is rather small, in all trans-
port regimes. Quantum tunneling gives a contribution
only slightly dependent on L , and significant already
for L=25 nm.

The reason can be understood considering that, for
example, for L=25 nm the product of the transmission
probability times the occupation factor has the energy
dependence shown in Fig. 6, for semiclassical tunneling
(thin line) and quantum tunneling (thick line).

The subband current is proportional to the area below
the curve. Quantum tunneling adds a contribution that
is proportional to the difference between the area a and
the area b. The shape of the subband peak, shown in
the inset, determines a and b, and depends essentially
on the vertical electrostatics, and only marginally on L .
Even for L=25 nm the barrier depth is only about 3 nm.
On the other hand, /¢, is affected by quantum tunnel-
ing only for L=10 nm, and is extremely sensitive to the
channel length. Such dependence is mainly due to the
degradation of the subthreshold slope S with decreasing

length (shown in Fig. 7). Down to 15 nm, S is very good
(<70 mV/dec).

For smaller L , S is degraded by charge sharing, but
is still acceptable. Conversely, Drain Induced Barrier
Lowering (DIBL) is much higher for ballistic than for
drift-diffusion transport, as shown in Fig. 8. In the for-
mer case, current is essentially controlled by the sub-
band peak, while in the latter, it is roughly dependent on
the whole region between the source and the subband
peak, that is farther from the drain.

IV. CONCLUSIONS

In conclusion, we have investigated the electrical
properties of SNWTs with a detailed quantum simula-
tion code, considering both drift-diffusion and ballistic
transport, in order to evaluate the limiting cases for the
performance of partially ballistic devices. SNWTs of-
fer promising scaling perspectives down to 7 nm chan-
nel lengths, predicted at the end of the ITRS Roadmap.
In addition, we have shown that the impact of quan-
tum tunneling is significant also in strong inversion, and
depends essentially on the vertical electrostatics rather
thanon L.
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