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A Quantum Correction Model for Nanoscale Double-Gate MOS Devices
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Abstract. A quantum correction model for nanoscale double-gate MOSFETSs under inversion conditions is pro-
posed. Based on the solution of Schrodinger-Poisson equations, the developed quantum correction model is opti-
mized with respect to (i) the left and right positions of the charge concentration peak, (ii) the maximum of the charge
concentration, (iii) the total inversion charge sheet density, and (iv) the average inversion charge depth, respectively.
This model can predict inversion layer electron density for various oxide thicknesses, silicon film thicknesses, and
applied voltages. Compared to the Schrodinger-Poisson results, our model prediction is within 3.0% of accuracy.
This quantum correction model has continuous derivatives and is therefore amenable to a device simulator.
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1. Introduction

Double-gate (DG) MOSFET is attracting more and
more attention and is considered as a basic structure for
achieving the ultimate silicon devices in recent years
[1-6]. As the feature size of the DG MOS devices is fur-
ther scaled into a nanoscale regime, it has become nec-
essary to consider quantum mechanical effects when
performing device modeling. For the oxide thickness
(Tox) of 1-3 nm, the thickness of silicon film (7;) of
2-20 nm, and the applied gate voltage (Vi) of 0.5-
1.5 volts, the inversion carrier density in the DG MOS
structure shifts away from both the S;0,/S; interfaces
due to the quantization effect. Thus any accurate calcu-
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lation of the inversion-layer charge must take this quan-
tization effect into consideration. The most accurate
way of incorporating the quantum effect in the inver-
sion layer is to solve the coupled Schrodinger-Poisson
(SP) equations subject to an appropriate boundary con-
dition at both the S;/S;O, interfaces [7]. This can be
done without difficulties in solving the SP equations
in one-dimension (1D), but the SP approach is not
amenable to a realistic device simulator such as a sim-
ple quantum correction model. Other approaches, for
example, the density gradient method [8,9] and the ef-
fective potential method [10,11] also suffer from the
same disadvantage—computationally it is still exces-
sive, and physically the method is not very transparent.

In this paper, based on our recent work [12], we
have successfully developed a new quantum correction
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model feasible for nanoscale DG MOS devices under
inversion conditions. The solution of SP equations is
utilized to construct the model, where four physical-
based optimization constraints: (i) the left and right
positions of the charge concentration peak, (ii) the max-
imum of the charge concentration, (iii) the total inver-
sion charge sheet density Q, and (iv) the average in-
version charge depth (x) are used as criteria for the
model parameter formulation. The model parameters
are function of Ty, Ty, and Vi; for other applications,
they can be also expressed in terms of the surface elec-
tric field, the thickness of silicon film, and the oxide
thickness.

2. Model Construction

Firstly, a polyl- S;0,-S;-S;0,-poly2 system as shown
in Fig. 1 is simulated using the drift-diffusion (DD)
approximation. The DD equations are solved self-
consistently with the SP equations. The SP equations
are assumed to have no wave penetration at both the
Si/Si0, interfaces. More than thirty-two sub-bands are
computed in the Schrédinger equation solver [13,14].
Under the inversion condition for both the symmet-
ric and asymmetric cases, it is sufficient to consider
the electron density from the left interface of S;0,/S;
to half silicon film & = T /2Ag. The inversion-layer
charge densities are

TORIEAY
nQManLao[l—exp<—a1§ <1+Z(%> )i|, (1)

where ncy is the classical electron density solved from
the Poisson equation, £ = x /A, and Ay = (2m*kBT)1/2
is the thermal wavelength. Using a generic algorithm
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Figure 1. A cross section view of the nanoscale DG MOSFET.

[15], the two model parameters ag and a; are optimized
to best fit the self-consistent SP solution for all Tiy’s,
Ty’s, and Vi’s cases. The accuracy of these parame-
ters is based on the optimization with respect to the
aforementioned four physical constraints. The average
inversion charge depth (x) = [, xn(x)dx/ [, n(x)dx.
The chosen T, varies from I nmto 3 nm, T varies from
5 nm to 20 nm, and the applied Vi ranges from 0.5 to
1.5 V. For example, the results of these two parameters
a; and a, for the symmetric case with 7,5 = 2 nm are
shown in Figs. 2(a) and (b). For the asymmetric case
when Vg, = 1 V is fixed the two model parameters ag
and a; are shown in Figs. 2(c) and (d). After optimiza-
tion, these two parameters for both the symmetric and
asymmetric cases are functions of Tk, T, and Vi:
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Figure 2. Plots of the optimal value for the parameters (a) agp and
(b) a; and their formulas for a symmetric case with various Ty and
different Vi, where Tox = 2 nm. (c) and (d) are asymmetric cases.
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where f(Vg) = 1.921 4+ 0.0479T ox + 0.10002T i —
0.0275T oxTsi — 2.388 exp(—V ;).

The ap and a; given in Egs. (2) and (3) are based
on a p-type substrate with N4 = 10!7 cm™3. V; is in
volts; Tox and Ty are in nm. For other dopings, Vi
should be adjusted by an amount equal to a shift in the
threshold voltage due to the change in N4. However,
this adjustment is usually very small (~0.1 V). For
other applications such as a 2D simulation, it is more
convenient to express ag and a; in terms of Ty, Ty, and
the surface electric field E:

ap = 2.282 — 0.0487T ,x—0.0640T ;

Egs + Esz)z/3

+5.498107*T, T2 + O.484< 5

4)
+ f(Es), (5)

f(Es) — f(Es2) Eg
a) = X
2 Esi+ Es

where f(E;) = —0.797 + 0.227T ,x + 0.0983Ty —
1.0194T, T2 4 0.328 exp(EZ"). Tox and Ty are in
nm, and the E; in MV/cm is self-consistently com-
puted with the DD model.

3. Results and Discussion

The accuracy of the model inversion-layer charge den-
sity given by Egs. (1)—(3) compared to the SP solu-
tion is very good. In terms of the four criteria men-
tioned above, the accuracy is within 3%. Shown in
Figs. 3 and 4 are respectively electron densities for
both the cases of the symmetric and asymmetric DG
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Figure 3. Plot of electron density for a symmetric DG MOS with
different 75 where Tox = 2nmand Vg = Vg = Vg =05 V.
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Figure4. Plotof electron density for an asymmetric DG MOS with
different 75; where Tox = 2 nm, Vg1 = 1.0 V,and Vg, = 0.75 V.

MOS structures with T,x =2 nm. Figure 3 shows the
electron density at Vg = Vg2 = Vg = 0.5V, where
the circles are the result of our model and the lines
are the SP results. Figure 4 is the electron density at
Vo1 = 1 Vand Vg, = 0.75 V. It is found that the
results of our model are in a good agreement on the SP
results. Shown in Figs. 5 and 6 are respectively errors
between the formulated a’s formula and the SP solution
against Vi for each optimization criterion. Figure 5(a)
and (b) show that the error of the total inversion charge
sheet density Q between our model and the SP equa-
tion is less than 3%. Figure 6(a) and (b) show that
the error of the average inversion charge depth (x)
is within 3%. Similarly, for both the symmetric and
asymmetric cases, the errors of the left and right po-
sitions of the charge concentration peak are less than
2.5% and 2.9%, respectively. The errors of the maxi-
mum of the charge concentration are within 2% for both
cases.

For the doping concentration N4 varying from 10'
to 10'® cm™3, the errors versus Vg are also estimated
with the same a’s formula. We have found that the vari-
ations of errors are all within 3%, and this maximum
error of the average inversion charge depth occurred
at Ny = 10 cm™3, T,, = 3.0 nm, 7; = 20 nm,
Vo1 = 1.5V, and V5, = 0.5 V. For a DG MOSFET
with the Gaussian and low-high-low doping profiles,
we have also found that the error trend is similar to one
which has the uniform doping, and the largest error
fluctuation (3.2% for Gaussian doping profile) occurs
at low doping level (N4 = 10'® cm™3), thicker oxide
thickness (7T,x = 3.0 nm), thicker silicon film thickness
(T = 20 nm), and asymmetric case (Vg1 = 1.5 V and
Vg2 =0.5V).
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Figure 5. The error plots of the total inversion charge sheet density
Q vs. Vi with respect to T; for (a) symmetric and (b) asymmetric
cases.

4. Conclusions

Based on the SP solutions, we have developed a
quantum correction model for correcting the classical
inversion-layer charge distribution which agrees with
the SP solution within 3%. By inputting the classical
charge density from the series expansion solution of
Poisson equation [16,17] or the DD based simulator
together with the device oxide thickness, silicon film
thickness, and gate voltage, the proposed inversion-
layer charge correction model calculates nanoscale DG
MOSFET inversion charge explicitly, taking into con-
sideration of the quantum effect. This inversion-layer
charge correction model has continuous derivatives and
therefore is amenable to a device simulator. Due to high
gate tunneling for the MOS structure with 754 < 1 nm,
itis necessary for the model to include tunneling effects
at high gate voltage.
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Figure 6. The error plots of the average inversion charge depth (x)
vs. Vi withrespect to T; for (a) symmetric and (b) asymmetric cases.
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