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Abstract

Numerical solution of the Schrödinger and Poisson equations (SPEs) plays an important role in semiconductor si
We in this paper present a robust iterative method to compute the self-consistent solution of the SPEs in nanosca
oxide-semiconductor (MOS) structures. Based on the global convergence of the monotone iterative (MI) method in
the quantum corrected nonlinear Poisson equation (PE), this iterative method is successfully implemented and tes
single-, double-, and surrounding-gate (SG, DG, and AG) MOS structures. Compared with other approaches, various
simulations are demonstrated to show the accuracy and efficiency of the method.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Advanced process technology has allowed us
fabricate diverse semiconductor devices includ
nanoscale MOS structures. For nanoscale SG,
and AG MOS structures, the displacement of the inv

* Corresponding author. Postal address: P.O. Box 25-
Hsinchu 300, Taiwan.

E-mail address: ymli@mail.nctu.edu.tw(Y. Li).
0010-4655/$ – see front matter 2005 Elsevier B.V. All rights reserved
doi:10.1016/j.cpc.2005.03.069
sion carrier density away from the interface of silic
and silicon dioxide (Si/SiO2) due to the quantum me
chanical (QM) effect cannot be neglected[1–3]. Thus
any accurate analysis must take the QM effect i
consideration. A set of the SPEs subject to an ap
priate boundary condition at the interface of mater
plays an accurate way of incorporating the QM eff
[1–3]. Various solution techniques have been propo
for solving only the SG MOS structures[1–3]. How-
ever, these methods may encounter divergence p
.
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Fig. 1. (a) The computed electron density and (b) the potential o
three MOS structures. The inset figures, shown inFig. 1(a), are the
cross-sectional views of the MOS structures.

lem when applied to simulate the DG and AG MO
structures.

In this paper, we propose a robust numerical
erative method for solving the SPEs in the SG, D
and AG MOS structures shown in the inset ofFig. 1.
This unified iterative scheme successfully integra
the MI method[4] and the potential relaxation up
date method[1], where the effect of strong quantu
correction charge density[2] is taken into consider
ation simultaneously. First of all the nonlinear PE
solved with the MI method instead of the Newton
iterative method[4]. The calculated potential(φ) en-
ergy, after a relaxation update, is used in the so
tion of the Schrödinger equation (SE). The calcula
electron wavefunctions(ζjk) and eigenenergies(Ejk)

are applied to estimate the electron density and
derivatives. The calculated quantum corrected e
tron density is feedback into the PE and we solve
PE with the MI method. Iteration is terminated wh
a self-consistent solution is obtained. Compared w
other well known approaches[1,2], application of this
method to simulate the nanoscale SG, DG, and
MOS structures under various testing conditions
confirmed the robustness of the method. In Sectio2,
we state the SPEs for the SG, DG, and AG MOS str
tures and discuss the iterative method. In Section3, we
discuss the results. Finally, we draw conclusions.

2. The Schrödinger and Poisson equations and the
iterative method

To calculate the potential distribution and electro
density in the nanoscale SG, DG, and AG MOS str
tures, shown in the inset ofFig. 1, we consider the
following SPEs[1–3] in a unified formation

(1)
d2φ(r)

dr2
+ m

r

dφ(r)

dr
= − q

εsi
(p − n + ND − NA)

and

− h̄2

2mrk

(
d2

dr2
+ m

r

d

dr

)
ζjk(r) + Ec(r)ζjk(r)

(2)= Ejkζjk(r),

where Eq.(1) is the PE and Eq.(2) is the SE in the ef-
fective mass approximation. The PE is solved in wh
MOS structure and the SE is only solved in the reg
of the silicon films.m = 0 is for the SG and DG MOS
structures in the Cartesian coordinate andm = 1 is for
the AG MOS structure in the cylindrical coordinat
n = ncl + nqm, where forncl , we consider the Feri–
Dirac distribution and a two-dimensional electron g
approximation is used to calculate the quantum e
tron densitynqm. Eq. (1) is with the Dirichlet type
boundary condition on the boundary of the simula
structures. For Eq.(2), the electron wavefunction is a
sumed to be vanished on the interface of Si/SiO2. All
notations used in Eqs.(1) and (2)are having their con
ventional physical meaning[1–4]. We briefly outline
the proposed iterative method as follows:

(1) Solve Eq.(1) using the MI method,
(2) Solve Eq.(2),
(3) Estimate the derivative ofn,
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(4) Solve Eq.(1) with the MI method,
(5) The computed potential is relaxing updated, an
(6) Return to the step (2).

Iteration is terminated when the solution converg
We note the MI method converges monotonica
when solves the nonlinear PE[4].

3. Results and discussion

Fig. 1 shows the computed potential distributi
and electron’s density from the interface of Si/SiO2 for
the three MOS structures, respectively. In our calcu
tion, eight subbands are computed in solving Eq.(2).
As shown in the figure, the oxide thicknessTox, the
substrate dopingNA, temperatureT , and gate volt-
ageVG are with the same settings for all structur
The thickness of the silicon filmTsi for SG is equal
to 100 nm andTsi = 20 nm for both the DG and
AG MOS structures.Fig. 1(a) shows the superior
ity of the AG MOS among the MOS structures. T
higher electron, is due to good channel controlla
ity in AG MOS structure. To verify the robustne
of the iterative method, we have studied the conv
gence of our method and compare with other two w
known algorithms: the first algorithm (Algorithm 1
updates the computed potential using an explicit
laxation method[1] and the second one (Algorithm 2
calculates the derivative ofnqm by evaluating its previ-
ous computed quantities[2]. Comparison is subject t
the same device configurations and settings. We h
examined the convergence behavior of these thre
gorithms in terms ofTox, NA, T , VG, andTsi. Shown
in Fig. 2, it is found that our method converges f
all cases of simulation. However, Algorithms 1 and
have suffered different divergent problems, shown
Fig. 2(a)–(d), when solving the SPEs in the SG, D
and AG MOS structures underT = 300 K andT =
77 K, respectively.

4. Conclusions

We have present an effective iterative method
the self-consistent solution of the SPEs in nanos
SG, DG, and AG MOS structures. Our method s
cessfully integrates the MI method and the poten
Fig. 2. The maximum norm errors of the computed potential ve
the number of iteration for the three algorithms applied to SG, D
and AG MOS structures, respectively.

relaxation update method, where the effect of str
quantum correction charge density was taken into c
sideration simultaneously. The solution method
shown good numerical stability and robust conv
gence for different simulation cases.
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