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Abstract—We present a self-consistent multi subband deter-
ministic solver of the Boltzmann transport equation of the
two dimensional (2D) electron gas. The Schodinger equation at
each slice in the confinement direction and the two dimensional
Poisson equation are self-consistently solved with the Boltzmann
transport equation. The energy quantization and the scattering
of the 2D electron gas are included. We apply this solver to an
ultra-thin body double gate MOSFET and show the influence of
the 2Dk scattering to the electron transport.

Index Terms—Double Gate MOSFET, Multi subband deter-
ministic solver, transport, 2D Electron Gas

1. INTRODUCTION

The Double Gate (DG) MOSFET is a structure for ultimate
scaling since the second gate electrode can overcome the short
channel effects in a nano-scale MOSFET [1]. The simulation
of Ultra-thin body DG MOSFETs has drawn the interest of
many researchers [2]-[4]. For such a structure, the electrons
can still be treated semi-classically in the transport direction
(source-to-drain direction), but the scattering effects can not
be ignored. Due to the ultra thin body, the energy quantization
influences the property of the device greatly. In order to
include the vertical quantum effects, the energy quantization
and the 2Dk scattering, which is more appropriate than the
free electron scattering (3Dk scattering), need to be properly
included [2].

Until now, only Monte Carlo methods have been used for
such a multi subband model with the 2Dk scattering. But it
is well known that a deterministic solver for the BTE has
many advantages over Monte Carlo methods in many situa-
tions, especially for the low dimensional transport [5]. The
deterministic solver for the BTE has been used to investigate
the Boltzmann-Poisson system [6] but has not been used to
investigate the multi subband model with 2Dk scattering. We
propose a finite volume method based on the characteristic
curve method for the time dependent multi subband BTE
with low dimensional (2Dk) scattering. It is the first time
a deterministic multi subband model simulator with 2Dk
scattering is presented. We apply our code to a nano scale
DG MOSFET and show the influence of the 2Dk scattering
to the electron transport.

II. METHODOLOGY

A DG MOSFET is illustrated in Fig. 1. We use a model
similar to that in [2], [7]. The electrons are confined in two gate
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Fig. 1. Schematic of the ultra-thin body DG MOSFET structure

stacks, and a Schrodinger equation along the vertical direction
(z-direction)

|:_h2% (%%) + V(a;z)} pi(z;x) = Ei(x)pi(z; 2)
(1

at each z-slice is solved to include the quantum confinement
effect where m ; is the effective mass of the electron on the
subband ¢ in the z-direction and V'(z, z) is the potential. E;(x)
is the eigen energies and ;(z;x) is the eigen wavefunctions
where the subbands are numbered by i. We choose the six
ellipsoidal parabolic A valleys, and m.; is equal to the
transverse effective mass m; = 0.19m( or the longitudinal
effective mass m; = 0.916mg, where my is the free electron
rest mass.

The movement of the electrons on each subband from
source to drain are modelled by the multi subband semi-
classical BTE
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where f; = f;(t,x, ks, k) is the distribution function for the
electrons on the i-th subband, and v, ; is the velocity of the i-th
subband’s electrons in the x-direction. According to the mode
space approach, the electric force F;(z) on each subband along
the transport direction (x-direction) is related to the derivative
of the associated energy E;(x), F;(x) = —dEdli;T’).

The initial distribution functions of each subband are given
by the Fermi-Dirac distribution
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n(z) the number of electrons at each x-slice
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Fig. 2.

A deterministic solver for the multi subband BTE in one time step

n2k2 n’k;
CT and m,; and m, ; are

where w(ky,ky) = ST
the effective masses of the electrons on the subband 4 in the
z-direction and y-direction in k space respectively; p(z) is
the quasi Fermi level. Here E;(x) is obtained by solving the
self-consistent Schrodinger-Poisson system [1]. Both the inter-
valley and intra-valley scattering between 2D electron gas and
phonons are considered.

During each time step, the multi subband BTE of 2D
electron gas solved by the deterministic solver is illustrated
in Fig. 2. The deterministic solver we use is the finite volume
method based on the analysis of the characteristic curves. First
we use a change of variables

ky =~ n;“ V2wcosl, k, =~ TZW V2wsing  (4)

in order to facilitate accurate integration of § functions in
the scattering term. f;(¢,z,w,0) is sampled as the volume
average of a control volume €, = [Tj_1/2,%j41/2] X
[Wi—1/2,wWit1/2] X [01—1/2, 0141 /2]. The Algorithm 745 is used
to do the incomplete Fermi-Dirac integral [8]. Secondly,
for the transport part we introduce a finite volume method
based on the movement of the surface of the control volume
along the characteristic curves. Finally, we use the second
order Strang’s time splitting technique [9] to solve the BTE
with 2Dk scattering. Our method can preserve the numerical
conservation of the particle number and also handle the rapid
change of the distribution function very well. After we march
one time step for the BTE, we can obtain the electron density
n;(z) at the z—slice on the subband 1,

ni(x) = Ve iy // fi(z,w,0)dwdb. Q)

2m2h2

Assuming that the electron probability density is proportional
to |pi(z;x)|? in the confinement direction, we obtain the
electron density n;(z, z)

ni(z, 2) = ni(z)|pi(z; ). (6)

Then we sum over all the subbands to get the electron density
n(x,z) =Y, ni(x, z). We then plug this n(x, z) into the Pois-
son equation and solve for a new potential V'(z, z). Next, we
plug the V(x, z) into the Schrodinger equation at each x-slice
to obtain new eigen energies F;(z) and eigen wavefunctions
wi(z; ) to yield a new force F;(x) and scattering terms for the
multi subband BTE of 2D electron gas. This forms a loop. By
repeating the loop until the current is converged, we solve the
BTE and 2D Poisson equation and 1D Schrodinger equations
self-consistently.

Our method includes the acoustic phonon and optical
phonon intra-valley scatterings [10]. The 3Dk inter-valley
scattering parameters can be found in many papers, e.g. [11].
Here we use the parameters from [12] which include three
f-type and three g-type inter-valley scatterings. The 2Dk
scattering parameters can be derived from the 3Dk scattering
parameters by calculating

Tsi
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where T's; is the thickness of the Silicon while the ¢;(z;z)
and ¢; are the i-th and the 7/ subband wavefunctions at z
slice respectively.

The boundary conditions of the Poisson equation deserves a
short discussion here. Normally, the Dirichlet boundary condi-
tion is used for the gate electrodes and the Neumann boundary
condition is used for the oxide/air interface. But for the nano-
scale MOSFETs, it is pointed out in [3] that the boundary
conditions for the Poisson equation at the source/drain contact
ends should be the Neumann boundary condition
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instead of the standard Dirichlet boundary condition. So the
potential at the source/drain contacts could not be equal to the
source/drain voltage but float to fulfill the charge neutrality.
The floating boundary condition redefines the source/drain
contacts; hence we do not need to resolve the complicated cou-
pling between the thin body device and the large source/drain.

When we solve the Poisson equation by using the Newton-
Raphson method we need to approximate the term % Assum-
ing that the electrons are at equilibrium and obey the Fermi-
Dirac distribution, we derive

on

v N(:F71/2 ((V(l’7

z) = Ef(x))/Vh) ©)

where V; = kpT and V (x, z) — E¢(x) are obtained by solving
1

v (10)

n(z,z) = & NeF12(V(w, 2) — Ef(2))/ Vi)
where V. is the effective density of states in conduction band.
F is the Fermi-Dirac integral of order s. But for the nano-
scale MOSFETSs, the electrons could be very far away from the
equilibrium, especially in the channel. % obtained by Eq. (9)
should be scaled by a factor to obtain the converged results.

We use the factor 0.4 to obtain the numerical results in this
paper.
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Fig. 3. The first subband distribution fi(z, ks) at Vs = 0.5V and Vpg =
0.6 with scattering. The region with f1(z, kz) < 0.01 is cut off.
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Fig. 4. The first subband distribution fi(z, kz) at Vgg = 0.5V and Vpg =
0.6 without scattering. The region with f1(x, kz) < 0.01 is cut off.

III. NUMERICAL SIMULATION OF A DG MOSFET

We simulate a 9.0 nm gate length DG MOSFET with a body
thickness of 3 nm and source/drain doping of 102° cm~3. The
effective oxide thickness (EOT) is 1 nm. And the length of
the source/drain is 9.9 nm.

The first subband distribution function with and without
scattering at Vgg = 0.6V and Vpg = 0.6 V are shown in
Fig. 3 and Fig. 4, respectively. Fewer electrons will approach
the drain due to scattering.

The first subbands at Vgg = 0.3 Vand Vpg =0.2,--- ,0.6
V are plotted in Fig. 5.

The Ips — Vpg and Ipgs — Vgg curves with and without
scattering are compared in Fig. 6 and Fig. 7 respectively. We
obtain the current-voltage curve consistent with that of [13].
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Fig. 5. The first subband at Vigs = 0.3V at different Vpg. The lower one is
calculated with scattering, and the upper one is calculated without scattering.
For the floating boundary condition is used at the source/drain contact ends,
the subbands are almost flat at two ends, especially for the ballistic transport
case.
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Fig. 6. The Ips — Vpg curve at Vgg = 0.3 V.

From the two figures it can be seen that the scattering reduces
the current by 20% — 40%.

The potential with scattering at Vgg = 0.3 V and Vpg =
0.6 V is in Fig. 8.

The average velocity along the source-drain direction is in
Fig. 9 where the average velocity along the channel with and
without scattering are compared at Vps = 0.05 V and Vpg =
0.6V. From the figure it can be seen that the influence of
scattering is obviously both under the low and high lateral
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Fig. 8. The potential at Vgg = 0.3 and Vpg = 0.6 V

electric fields.

IV. CONCLUSIONS
We presented a deterministic multi-subband simulator of
2D electron gas for the nano-scale ultra-thin double gate

MOSFETS. This provides an alternative way to investigate
the detail of the nano MOSFETs.
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