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A finite element method based on the least-squares scheme is developed for hydro-
dynamic simulation of two-dimensional short-channel semiconductor devices. Although
this general-purpose finite element method has been shown in fluid dynamics to be more
universal to flow problems than other finite element approaches and has been applied in
recent years to a wide range of problems in fluid dynamics, it is still unfamiliar to the
semiconductor device community. Application of the developed hydrodynamic least
squares finite element method (LSFEM) to simulation of a 2D MESFET with a deep-
submicron gate has demonstrated its robustness and effectiveness for the hydrodynamic
device simulation.
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I. INTRODUCTION

Because of the similarity between the semicon-
ductor hydrodynamic equations and Navier-

Stokes/Euler equations, some numerical methods
that have been successfully applied to hydrody-
namic simulation of semiconductor devices are
derived from the fluid dynamics. Although the
least squares finite element method (LSFEM) is
one of the effective numerical schemes that have
been used in a wide range of fluid dynamics

problems [1- 5], it is still new to the semiconduc-
tor device community. The least-squares finite
element formulation possesses many advantages.
The algebraic system derived in the LSFEM is
symmetric and positive definite [1,2]. It allows
adoption of equal-order interpolations for all
independent variables, which makes the method
simple to formulate and easy to program. The
LSFEM is effective for handling convective
problems because the method contains an upwind
mechanism to stabilize the numerical solution of
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the hyperbolic equations. Unlike the mixed
Galerkin schemes, the LSFEM contains no
adjustable parameter. Transport problems in the
LSFEM can be handled in a very simple frame-
work. Modification of the physical model in
LSFEM amounts to simple subroutine changes in
the computer code associated with the coefficient
matrices and vectors.

In this study, the least squares finite element
formulation is applied to the semiconductor hydro-
dynamic equations coupled with Poisson’s equa-
tion, and the developed Hydrodynamic LSFEM is
examined on a depletion-mode n-channel MESFET
structure. The hydrodynamic system for simulation
of semiconductor devices is presented in Section II,
and formulation of the hydrodynamic LSFEM is
given in Section III. In Section IV, numerical results
and discussion are presented. Conclusion is drawn
in Section V.

gradient:

5k2BToT-mQ--VTe and - 2m-------. (4)

The carrier energy w is related to the carrier
temperature and velocity by

3 re.v2W - kBre -I- -The thermal energy Wo is calculated from Wo-
1.5kBTo, where To is the lattice temperature. The
electric field E is obtained from the gradient of
electric potential

E -V, (6)

and the potential is determined from the Poisson’s
equation

II. HYDRODYNAMIC SYSTEM
FOR SEMICONDUCTOR DEVICES

In this study, the semiconductor hydrodynamic
equations, including conservation equations of
carrier density n, momentum p and energy w, are
given as

On
Ot + v o,

Onp np
0-----t- V.npv + XTnkBTe --enE- R, (2)

Tm

V2b ----P, (7)

where e is the dielectric constant of the semi-
conductor, and p is the charge density in the
semiconductor device. Simulation of an n-channel
MESFET in this paper is based on the one carrier
hydrodynamic model, and thus p=q(Nd--n),
where Nd is the n-type impurity density.

In this model, the coefficients, -m, -w, and m*, in
the hydrodynamic equations are assumed to be
energy dependent. Their values are extracted from
the Monte Carlo simulation. Equations (1)-(7),
together with these energy-dependent coefficients,
form a closed set of hydrodynamic system.

Ot+V nwv + V nk,Tev + V Q

-enE. v- ,(w-wo) (3)

where v is the electron velocity, p m* v (m* is the
electron mass), E is the electric filed, Te is electron
temperature, ke is the Boltzmann constant and e is
the elementary charge. Q is the heat flux described
by the thermal conductivity and temperature

III. LEAST-SQUARE FINITE ELEMENT
FORMULATION

The hydrodynamic system described by Eqs.
(1)-(7) can be solved if n, v, w and are
chosen to be the independent variables. This
however will lead to second-order differentiation
for w and . To be able to use linear shape
functions [1,2] for the elements of all variables
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in the LSFEM, additional independent variables Q
and E are selected in the hydrodynamic system.
Based on this approach, the hydrodynamic model
described by Eqs. (1)-(7) can be expressed by a
unified matrix equation

0U 0U 0U
[G] + lAx] + [Ay] _---__ + [Ao]U H, (S)

oy

where U is the state variable vector and defined,
for a 2D system, as

U- [n Vx vy w b Ex Ey Qx Qy]’. (9)

Using backward difference with linearization of
the coefficient matrices [Ax] and [Ay] at a given
time step At k+ k, Eq. (8) can be approxi-
mated by

0Uk+l[G]Uk+I -[G]Uk + At[Ax]g
Ox

0Uk+l

+ At[Ay] y
+ At[Ao]U:+1 AtHk. (10)

Based on Eq. (8), U+l is therefore determined
from the vector U at the previous time step. The
residual of the difference equation in Eq. (10) is

defined as:

(11)

If the exact solution is obtained, the residual will
be zero. A functional is introduced to minimize the
deviation between the numerical and exact solu-
tions in the 2D domain f,

fa R Rdf. (12)

When the optimum solution is obtained, the
variation of the functional should be zero:

6 2 J(a 6R Rdf 0. (13)

The finite element global matrix and nodal vectors
can be obtained from Eq. (13) [1,2]. Consequently,
the whole problem reduces to solving the algebraic
equations represented by a matrix equation [1,2].

IV. NUMERICAL SIMULATION
AND DISCUSSION

The developed hydrodynamic LSFEM is applied
to the simulation of a depletion-mode Si n-channel

Y
 Source Gate Drain

FIGURE The 2D MESFET structure used in the hydrodynamic simulation. The thick lines denote the metal contacts. Nd=
10lvcm -3 in the device except for the n + source/drain region where Nd=3 1017cm -3. The current density vectors are also
included at V 2V and Vg 0.6 V.
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MESFET with a gate length of 0.2 lam to examine
its stability and effectiveness. The device structure
is shown in Figure 1, where the gate is located at
the center between source and drain contacts, and
the drain/source metal contact is 0.1 lm long. The
device length and depth are 0.6 and 0.21m,
respectively. The depth of the n + source/drain
region is 0.05 lam. The hydrodynamic simulation
of the MESFET is carried out at Vd 2.0 V and
Vg=-0.6V. Current density vectors in the
MESFET are also included in Figure where
the current flow in the channel is clearly displayed,
and the depletion region due to the Schottky
barrier is observed. The potential profile in
the device is shown in Figure 2. A steep Schottky
barrier at a reverse-biased gate voltage is
illustrated.
Due to the reverse-biased Schottky barrier,

Figure 3 shows that the electron concentration
near y=0.2gm decreases approximately by 10
orders of magnitude from the source/drain
contact to the gate depletion region within a

very short distance. An equilibrium boundary
condition is assumed for the electron concen-

tration; that is the gate current is neglected in

the simulation. Lattice temperature (300K) is
assumed for electron temperature at all metal
contacts, and as can be seen in Figure 4 this leads
to sudden changes in electron temperature at the
metal edges, particularly near x=0.41m. The
large electron temperature between metal contacts
along y-0.2 lam is caused by an extremely large
electric field, as shown in Figure 5(a). In addition,

FIGURE 3 Electron density in the MESFET at Vds= 2.0 V
and Vgs 0.6.

FIGURE 2 Potential in the MESFET at Vd,= 2.0 V and FIGURE 4 Electron temperature in the MESFET at Va,=
Vg,= -0.6. 2.0V and Vg,=-0.6.
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FIGURE 5 (a) x-component and (b) y-component electric fields in the MESFET at Vds 2.0 V and Vgs= -0.6.

because of the lattice temperature assumption for other finite element schemes developed for
electrons and the large transverse electric hydrodynamic modeling of semiconductor devices
field under the gate resulting from the steep [6-8], no adjustable parameter or smooth
Schottky barrier, electron temperature drastically operator is involved in the developed LSFEM
increases from the gate toward the channel, to arrive at stable solution. In summary, the
Although the maximum electron temperature in LSFEM has been shown to be simple, stable and
the channel is only near 2000K, an electron robust for hydrodynamic simulation of 2D
temperature as high as 4000K is found near semiconductor devices.
the gate.

These numerical results illustrate that the up-
wind mechanism in the LSFEM is able to stabilize Acknowledgement
the convective flux in the semiconductor hydro-
dynamic equations. Moreover, the LSFEM has The authors Cheng and Liou are partially
shown to be effective at handling large disconti- supported by SRC under Grant Number 2000-
nuities in the electron concentration, mean energy RJ-873G.
and electric fields near the metal boundaries, as
shown in Figures 1-4.

V. CONCLUSION
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