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ABSTRACT

Compact models of short channel effect in symmetric
and asymmetric double gate MOSFETs are developed by
solving two-dimensional (2-D) Poisson’s equation as a
boundary value problem in the subthreshold region. The
subthreshold current is obtained through the 2-D analytic
potential distribution function. Threshold voltage rolloff,
drain induced barrier lowering (DIBL) and subthreshold
slope degradation as a function of channel length are
extracted from the subthreshold current expression. The
short channel effect model is validated by 2-D numerical
simulation and incorporated into the analytical potential
model for DG MOSFETs.

Keywords: analytic potential model, compact model, double
gate MOSFETs, short channel effect

1 INTRODUCTION

DG MOSFETs have been recognized as one of the
options to further extend CMOS scaling when planar bulk
MOSFETs have reached its practical scaling limits [1].
Short channel effect, as an indicator of device scalability, is
the predominant factor that limits how far the DG MOSFET
can be scaled. A number of authors have investigated on

analytical models for short channel effect in DG MOSFETs.

Among numerous models that have been proposed, the 3-D
modeling method [2], although physical, is too complicated
for compact modeling. Another approach assumes a
parabolic potential function in the vertical direction, which
results in large error when one of the thicknesses is much
larger than the other [3]. One more elaborate method
approximates quasi-Fermi potential by a 1-D § function,
making it incapable of modeling DIBL effect [4]. In this
paper, a comprehensive physics-based compact short
channel effect models including threshold voltage rolloff,
DIBL and subthreshold slope degradation are developed
and incorporated in the analytic potential model for
symmetric and asymmetric DG MOSFETs [5]. As the
model solves the Poisson’s equation in both silicon and
insulator regions, it can apply to arbitrary silicon and
insulator thickness including high-k gate dielectrics, which
has not been properly modeled by previous work.

V., work function difference A

Vg , work funcion difference A¢2

Fig.1. Schematic diagram of a double-gate MOSFET.
A¢,are the work function difference between the
top/bottom gate electrode and intrinsic silicon. Ag=Agp,
for a symmetric DG MOSFET, A¢#A ¢, for an asymmetric
DG MOSFET.

2 SHORT CHANNEL EFFECT MODELS IN
DG MOSFETSs

2.1 Full 2D potential and subthreshold current
solution

For an undoped DG MOSFET in the subthreshold
region, the mobile charge and fixed charge are negligible as
they have little impact on the threshold voltage [6].
Therefore, Poisson’s equation becomes Laplace equation in
both the silicon and insulator region
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where y(x,y) is defined as the electrostatic potential at (x,y)
with respect to Fermi potential of the n+ source, £is the
permittivity of silicon or the insulator.

Using the superposition method and neglecting high
order terms, the 2-D potential expression in the
subthreshold region has been solved by X. Liang [7]
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where V, is the gate voltage, E, is band gap of silicon, L is
the gate length, A¢, and A¢, are work function difference
between the two gates and intrinsic silicon. Without loss of
generality, we assume Ag > Ag. Other parameters are
listed as follows
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A1 is the scale length that can be solved from the following
equation
tan(zt, / A tan(zt, 120) =&,/ &, (6)
To avoid the complexity of solving the above implicit
equation in compact model, an explicit expression can be
developed as a function of the ratio r=t,;/t; to facilitate the
speed of simulation. For instance, when the insulator is
silicon dioxide (&=3.9),
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Once the analytical potential is solved, I,-V, curves in
the subthreshold region can be derived with the analytical
solution. Current continuity equation can be written as
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is the inversion charge per gate area. Current continuity
requires I, to be independent of y. Therefore, integration of
(8) with respect to y from 0 to L yields [8]
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2.2 Threshold voltage rolloff and DIBL model
[9]

Threshold voltage AV, is extracted from the parallel
shift of 1,-V, curves of short channel device with respect to
the long channel device at the same current level
normalized to W/L. The constant current level is chosen at
gate voltage E,/4g below the threshold voltage such that the
device is biased in the deep subthreshold region. The
following equation is used to extract the threshold voltage
shift

)
1, L(short channel) = 7, L(long channel) x e*” (11)

The subthreshold drain current expression (10) contains
a double integral in the denominator which cannot be
carried out analytically. Thus the 2-D potential function w(x,
) needs to be simplified to derive AV/.

The drain current is largely controlled by the point of
maximum electron energy barrier (minimum potential) at y,
in the channel direction. In the vertical direction, the drain
current is controlled by the maximum electron density
(maximum potential) at x.. x,=0 for a symmetric DG and
x40 for the asymmetric case; y. is obtained by solving
OW(x, y)/0y|,-,=0. As the spatial variation in y direction is
much more important to include than that in x direction
[10], we take Taylor expansion of y(x, y) in the y direction
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In order to analytically extract AV,, we compromise the
full 2-D potential distribution (2) by a 1-D parabolic
potential distribution (12). Substituting (12) into the
extraction equation (11) and solving for AV, result in
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and function erf’is the error function defined as
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Fig.2. Threshold voltage roll-offs for symmetric and
asymmetric DG MOSFETs with #=1.5nm and
t,;=5,10,25nm, compared with 2-D ISE simulation
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The integral in the error function can be eliminated in
SPICE by replacing (18) with an explicit fitting function

erf (x) ~ %tan’1 [%()H 0.5x> +0.1x° +1.2x* )} 19)

Fig.2 compares V, rolloff computed by the compact
model and 2-D numerical simulation as a function of gate
length L. Different silicon film thicknesses are considered
in both symmetric and asymmetric MOSFETs. The overall
agreement is good except when the channel length is
extremely short (24nm) where the omission of high order
terms in the potential solution causes larger deviations.

As can be seen from (3) and (16), DIBL effect is
incorporated in the threshold voltage rolloff model through
V-dependent parameter ¢;. The DIBL effect is calculated
in Fig. 3 in comparison with ISE simulation result.
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Fig. 3 DIBL effect for symmetric DG MOSFETs
compared with 2-D numerical simulation

2.3 Subthreshold slope degradation model

In order to extract the subthreshold slope from (10), we
further simplify the current expression by approximating
the potential y(x, y) with a constant potential value at the
minimum potential point (x., y.). The subthreshold slope for
DG MOSFETs can be extracted:

1 V ’
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x60 mV / decade

Fig. 4 shows that the analytical subthreshold slopes for
symmetric and asymmetric DG MOSFET are in good
agreement with 2D numerical simulation results for L>1.54,.
It is shown that the subthreshold slope for asymmetric DG
is better than that for symmetric DG, especially for L<24,.
This could be due to the fact that for symmetric DG, the
minimum potential is located at the center of the film, while
for asymmetric DG, it is closer to one gate. Therefore the
minimum potential in the asymmetric DG is more
controlled by the gate than by the source/drain.
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Fig.4 Analytical solutions of the subthreshold slopes for
symmetric and asymmetric DG MOSFETs compared
with 2-D numerical simulation results.
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Fig.5 I4-V, curves for symmetric DG MOSFETs
(673.9¢y) calculated from the analytical model (solid
curves), compared with 2-D numerical simulation results
(dashed curves).

3 MODEL IMPLEMENTATION

The short channel effect models have been implemented
in the analytic potential model in SPICE3. The analytic
potential model is a long channel core model for symmetric
and asymmetric MOSFETs. With the implementation of the
short channel effect models, the SPICE simulated drain
current curves plotted in Fig. 5 show close agreement with
the 2-D numerical simulation result by ISE for both
symmetric and asymmetric DG MOSFETs.

4 CONCLUSIONS

In conclusion, compact models for short channel effect
including threshold voltage rolloff, DIBL and subthreshold
slope degradation are developed for symmetric and
asymmetric DG MOSFETs based on the full 2-D potential
distribution and subthreshold current expression. The
models are implemented in the analytic potential model for

DG MOSFETs in SPICE3 and reproduce the drain current
in close agreement with simulation results.
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