ECE 539 Course Project
Study of two-dimensional Stdinger-Poisson Solver.

Fawad Hassan, Malek Chaabane,Chaitanya Sathe

May 12, 2009

Abstract

We solve the 2-Dimensional Shrodinger-Poisson systerqudiions using a self consistent
scheme (like Gummel Iteration). We study a double gate @ililosfet oriented in the 100
direction using the above setup. We assume a simple 6-Jadlegistructure for Silicon.

1 Introduction
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Figure 1: Conduction band model for Silicon

The bandstructure model used in the Shrodinger equatitreisultivalley six band conduction
valley model as shown in Fig. 1, where each valley corresptm@ constant energy surface, and
can be captured by a parabolic effective mass equation.imbitel allows us to capture the mass
anisotropy in Silicon. The Valley pair pointing in the (1G0)ection have a mass, = 0.91m, and

the transverse massis; = 0.19n,. The two valleys in this direction are degenerate. The other
valley pairs also have the same longitudinal and transvaeses along their respective axes.

The Shrodinger equation is given by:
. B2
ih) = ———V?) 4+ Vi (1.1)
2m
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Figure 2: Two Dimensional Double Gate MOSFET

which has a time-independent version given by:

h2
—v%p + Vi = Ey (1.2)

or A
Hy = EvY (1.3)
where is the Hamiltonian operator given by:
2

N
H=_—V*+V (1.4)
2m

We consider a 2-D version of the above equation for a Doubte-gtructure shown in Fig. 2
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At each iteration step of the scheme, we solve the above ieguatee times, for each equivalent
valley pair v.

and the linear Poisson equation is given by:

V(e vV)=-L (1.6)
€0
The calculated from 1.5 in the previous iteration is used in tilWing formula to calculate the
new charge density:
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The value ofp is then used in 1.6 to get the potentidland this procedure is repeated until
convergence is achieved.

Our test device is a Double gate Si MOSFET as shown in Fig. Ziceleur 2-D space would
be a rectangle. The top and bottom of that rectangle are tieecgatacts where we apply a fixed
potential. The rectangle itself is composed of three lafrera top gate to bottom gate, consisting
of Silicon dioxide, Silicon, and then Silicon dioxide agairhe width of these layers is varied for
different configurations of the device that are analyzedhis project.
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We use finite difference approximation to discretize thegutgl space as mentioned in the last
paragraph. Assuming we use same valuefarand Ay (let’s call it a), which can be selected
based on the level of resolution we want to work with. Appraigr proportions of grid points along
the vertical direction (top to bottom) are assigned to thespective layers. We used the five-point
stencil formula for the 2-D double derivative as follows:

2 2
d T d _ U1 — Uit Aui; — Ui — Uigry
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(1.8)

Once the discretization is done, our physical problem issi@@med into a numerical problem as
follows: The Poisson equation is converted into a lineatesysof equations:

Ax=b (1.9)

whereA is the finite-difference discretization of the double-dative,x is the 2-D potential grid,
andb is the charge density. The Shrodinger equation turns im&igenvalue problem:

Ax+ Bx = \x (1.10)

whereA is the finite-difference discretization of the double-dative,x is the 2-D wave-function
grid, B is a diagonal matrix that represents the potential at eaichpgint, and\ is the energy
level corresponding to each wave-function.

Using 1.8 and the fact that outris 2-D in space, the form A is as follows:

—4 1 0 07
1 -4 1
0 1 —-4 1
: 1 —4
0 :
A= (1.11)
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As we can see, this is a five-band matrix with three adjacegatials in center (like a tridiagonal)
and upper and lower diagonal at a spacing which is the nunflgnicbpoints in one dimenstion.
So for a 10-by-10 grid, each of the upper and lower diagonalsldvbe 10 diagonals apart from
the main diagonal. This means that for an m-by-n grid, the sizthe vectors in 1.9 and 1.10
would be m-by-n and the size of the matrices would be m-byerasef (e.g., for a 10x10 grid,
would have 100 elements adwould be a 100-by-100 matrix). This appar€ntn?) complexity
of the problem can be mitigated by the fact that only sparseicea are involved and also only a



small number of eigenvalues from 1.10 are required to paweeth calculations. Hence efficient
algorithms can be utilized which exploit these facts ana:dpg the process.

The application of Dirichlet boundary conditions as longteesy are zero, don’t require any change
in the matrix or the numerical equation. But for Neumann lasyrconditions, absolute value of

the appropriate elements on the diagonal needs to be detesiigy 1, e.g., -3 instead of -4, or 3

instead of 4. Those appropriate elements depend on whereevapplying the Neumann BCs. For
example, if they are applied to right and left edges of the ghpsical space, the elements would
belst,n'th, (n + 1)'th, 2n'th, (2n + 1)’th, and so on.

In order to find the carrier concentration fram and E,, using 1.7 we need to calculate the Fermi
integral of order half, for which an integration algorithesed.

2 Resaults

We have used MATLAB as the programming environment. Thetelaaensity for the structure
in Fig 2 is plotted below.
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Figure 3: Electron density

We have also studied the effect of variation of the thickraedshe body on the electron density,
from Fig 4 one can observe the effect of confinement of cariédong thickness of the body. A
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representative plot of the electron density with varyintegeltage is also plotted.

x 10"

12

101

[e<]
T

6 10 nm

n (charge/cm 3)

0
YY (nm)

Figure 4. Effect of body thickness on the electron density
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Figure 5: Effect of Gate voltage on electron density

3 Conclusion and Possibilities of | mprovement

In conclusion we have developed a program to solve 2-D PoiSsoodinger equation includ-
ing band anisotropy using a simple six valley model. The @mogwas tested on a Double gate
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structure.

We intend to extend the program to 3-D and also try to inclingefall bandstructure using Tight
Binding in the future.
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