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Abstract:

In this paper, we propose a 1D numerical quantum simulator for symmetric gate-all-
around nanowire transistors with cylindrical cross section within the effective mass
approximation. The simulator is based on a self consistent Schrödinger-Poisson solver,
using the finite difference method, in conjunction with a current model assuming
ballistic behavior for the transistor. The solutions obtained were first verified
analytically when it was available. Electron distribution profiles and I-V characteristics
for transistors with different device parameters are numerically evaluated using the
proposed simulator. The effects of quantum confinement and low dimensions on these
characteristics are indicated.
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1. Introduction:

Recently, Gate-All-Around (GAA) nanowire transistors have become of great interest
and are considered a promising candidate for future electronic applications since they
improved the gate control and reduced short channel effects [1], [2].
Different materials are considered for growing nanowires. Among these is the silicon
which has been studied extensively due to its compatibility with conventional Si CMOS
technology [3]. Si nanowires with diameters as small as half nanometer have been
grown successfully [4].
In order to understand the physics of the nanowire transistor and to further enhance its
behavior, device simulation is necessary. It is worth mentioning that both computational
efficiency and high accuracy, taking physical effects into consideration, are crucial in
building a simulator.
In this paper, we propose a 1D self-consistent simulator for silicon GAA nanowire
transistors based on the effective-mass approximation [5]. A schematic diagram is
shown in figure (1), clarifying the structure studied with the used co-ordinate system.
The simulator neglects the 2D electrostatics since long channel transistors are assumed
(no short-channel-effects are included).
This paper is organized as follows: In section 2, we demonstrate the main flow of the
simulator with the basic governing equations. In section 3, the calculated eigenenergies
and eigenfunctions are first verified analytically when an infinite potential well is
considered. Carrier densities and I-V characteristics are presented while varying
different device parameters (diameter and oxide thickness). Finally, section 4 provides a
summary for the paper.

Figure (1): Schematic sketch for the GAA nanowire structure studied in this paper and
the constant energy ellipsoids for the silicon in the (100)
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2. The Simulator and basic equations:

A flowchart indicating the complete sequence of the solution is shown in figure (2). The
calculation involves a self-consistent solution of Schrödinger and Poisson equations.
Initially, we set a value for the electrostatic potential that is fed into the Schrödinger
equation to determine the carrier density quantum mechanically where the eigenenergies
and the eigenfunctions obtained represent the subband energies and the carrier
distribution functions respectively. Using the finite difference method (FDM) and the
carrier density obtained, we solve the Poisson equation to modify the value of
electrostatic potential. This process is repeated until convergence is reached. At this
point, the current is calculated through the Natori’s ballistic model [6], [7].

Figure (2): A flowchart for the 1D simulator for GAA nanowire transistors.

2.1. Schrödinger equation:

The first step of the quantum solution is obtained by solving the effective mass equation
in the confinement directions (r, φ) inside the silicon. The 2D Schrödinger equation is
given by,
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Where, E is the energy of the subband (eigenenergy) and ψ(r, φ) is the corresponding
wavefunction. The separation of variables method was applied to solve the above
equation in which we substituted by,

      rR,r  (2)

Since the symmetry is preserved in the φ-direction and the electrostatic potential is
actually a function in the radial distance only, then the φ-dependent part of the wave
equation is solved analytically and gives,

   ine   (3)

Where, n is the principle quantum number which can only take integer values to
maintain the periodicity in the φ-direction. This reduces the Hamiltonian into
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Analytical solutions for the reduced Schrödinger equation can be obtained for some
restricted forms for the potential [8]. Among these is the simple hypothetical case of
zero electrostatic potential which gives an exact solution in the form of Bessel function
of the first kind Jn(r).
In order to solve the equation for a general form for the potential, simple discretization
is carried out in the r-direction using finite difference approach. It should be noted that
in cylindrical co-ordinates, a singularity problem appears at the point r=0 (at the center
of the nanowire). However, the symmetry in the structure restricts the odd order
derivatives of the wavefunction to zero at this point thus solving the problem [9].
The wavefunctions are forced to go to zero at the boundary between the silicon and the
oxide since no charge is present in the oxide. Solving the wave equation gives rise to the
eigenenergies and eigenfunctions. Knowing that the carrier density is proportional to
|ψ|2, the charge distribution inside the nanowire is calculated according to [7],
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nL is the carrier density per unit length for 1D carrier gas. nL
+ and nL

- are the +ve and –
ve velocity carriers respectively. The summation is carried out over the lowest
populated subbands.
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2
1  is the Fermi Dirac integral of order -1/2 and N1D is the 1D effective density of

states defined as,
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2.2. Poisson equation:

The first step of the quantum solution is obtained by solving the effective mass equation
in the confinement directions (r, φ) inside the silicon. The 2D Schrödinger equation is
given by,
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Nb is the body doping (either acceptors or donors), p and n are the hole and electron
densities respectively and ϵsi is the silicon dielectric constant. For lightly doped silicon
nanowires, the hole density and the body doping can be neglected. Thus, equation (8)
can be reduced into,
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Poisson’s equation is then discretized by means of FDM and solved via Newton-
Raphson method such that it should satisfy the following boundary conditions [10],
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Where Vs is the surface potential.
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Applying Gauss’ law at the interface point between the silicon and the gate oxide, gives
the following relation,
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Where Cox’ is the oxide capacitance per unit length.

2.3. Current Model:

A semiclassical ballistic transport model (Natori’s model) is used to determine the I-V
characteristics of the device [6], [7]. In this model the quantum mechanical tunneling
from the source to the drain is not considered. The total drain current is obtained by
summation over the populated subbands where,
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3. Results and Discussion:

The solution of the Schrödinger equation using FDM is first verified by comparing the
results obtained to the analytical solution in the case of zero electrostatic potential.
Figure 3(a) shows an exact agreement between the first four wavefunctions obtained
analytically and numerically for a nanowire of radius 3 nm. Note that the free electron
mass is used in this simulation. In figure 3(b), the eigenenergies for nanowires of
different diameters are plotted; again the conformity between the analytical and
numerical energies ensures the validity of the wave equation numerical solution. The
eigenenergies are computed analytically according to,
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pnm is the mth zero of the nth order J-type Bessel function.
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Figure (3): Comparison between the analytical and the numerical (a) wavefunctions
and (b) eigenenergies.

To obtain the charge in the confinement direction an approximate isotropic effective
mass [2mlmt/(ml+mt)] has been introduced in Schrödinger equation for the fourfold
degenerate valleys to preserve the symmetry in the cylindrical coordinates giving rise to
the unprimed series of subbands [11] where ml and mt are the longitudinal and
transverse effective masses respectively. This mass approximation yields reasonably
accurate subband energy levels especially in nanowires with small radii [12]. Another
series of primed subbands is obtained by using light effective mass mt for the twofold
degenerate valleys.
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Figure (4): Electron distribution profiles in Si-nanowires with (a) radii 2 nm and 6 nm
(b) Oxide thickness 1nm and 4 nm.
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It is clear from figure 4(a) that decreasing the nanowire diameter confines the inversion
charge to the center of the nanowire while in large diameter transistors, most of the
inversion charge carriers are confined to regions close to the gate/body interfaces.
Increasing the oxide thickness decreases the inversion charge density since most of the
gate voltage drops across the oxide (figure 4(b)).

(a)

-0.2 0 0.2 0.4 0.6 0.8 1 1.2
0

0.5

1

1.5

2

2.5

3

3.5
x 106

n L   
(/c

m
)

VG   (V)

R = 2nm
R = 6nm

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

1

2

3

4

5

6

7
x 10-6

VD (V)

I D (A
)

R = 2nm
R = 6nm

Figure (5): (a) Electron density per unit length as a function of the gate voltage. (b) ID-
VD at VG=0.8V for two nanowires of radii 2nm and 6nm respectively.

Figure 5 indicates that it takes a higher threshold voltage to turn ON a nanowire device
with small diameter than the case of a large diameter device. This is attributable to the
size quantization effects leading to increased subband energies in narrow devices.
Higher ON current is achieved in case of a wide nanowire.
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Figure (6): The computed I-V characteristics of a Si-nanowire with radius 2 nm and
oxide thickness 1.5 nm (a) ID vs. VD   (b) log(ID) vs.VG characteristics.
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The I-V characteristics of a Si-nanowire is shown in figure (6). The simulated device
has a radius of 2nm and oxide thickness of 1.5nm. The metal work function is assumed
to be equal to the silicon midgap work function and since the body is intrinsic, this leads
to zero flatband voltage. It is clear that the transfer characteristics shows an ideal
subthreshold swing of 60 mV/decade at low and high drain biases.

4. Conclusions:

We have proposed a 1D numerical quantum simulator for symmetric GAA MOSFETs
based on a self-consistent Schrödinger-Poisson solver in cylindrical co-ordinates.
Subband energies and wavefunctions were evaluated for given geometries and used to
obtain the carrier densities. The current was calculated through a semiclassical ballistic
model. Comparisons between nanowires with various diameters were made. The solver
can be used to simulate nanowires of fabricated from other materials rather than silicon.
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Nomenclatures:

ħ …
r …
me

* …
q …
V…
H …
Ef …
En …
kB …
T …
ϵsi …
VG …
Φms …
Tox …
ϵox …
VD …
ID …
m0 …
a …

Planck’s constant
Radial direction
Electron effective mass
Electronic charge
Electrostatic potential
Hamiltonian
Fermi level
Subband energy
Boltzmann constant
Temprature
Silicon dielectric constant
Gate voltage
Metal-semiconductor workfunction
Oxide thickness
Oxide dielectric constant
Drain voltage
Drain current
Free Electron mass
Grid spacing in the radial direction


