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Abstract

We study the effect of the common practice of neglecting the convective terms (inertial approx-
imation) in the hydrodynamic model in the simulation of n*-n-n* diodes and two dimensional
MESFET devices. We find that the inertial approximation is invalid near the diode junctions,
and near the contact regions of the MESFET device. We also test the hyperbolicity of the first
derivative part in the hydrodynamic model, and in related energy transport models. We find that
the first derivative part of the system is hyperbolic, for the hydrodynamic model, the modified hy-
drodynamic model, and the energy transport model. This suggests and validates the use of shock
capturing algorithms for the simulation.

I. TRANSPORT EFFECT.

In earlier work (see [5]), we have advocated using modern nonlinear hyperbolic based shock
capturing algorithms (e.g., the ENO algorithm in [11]) in device simulations with hydrodynamic
(HD) and energy transport (ET) models. Introductions to these models may be found in [10] and
[7], respectively. The first use of such methods in device simulation was [2].

A common practice in the interpretation of the hydrodynamic model is to employ the inertial
approximation, which in our terminology characterizes the transport effect as small if

T+l R+l << 1, (1)

where 7, is the momentum relaxation coefficient and (u,v) is the velocity vector. The reader can
find this approximation employed in many reduced hydrodynamic models (cf. [9]). As discussed in
[10], it allows the extension of the Scharfetter-Gummel method to a hydrodynamic model setting.
This hypothesis is well known in fluid mechanics, where the resulting flow is termed a Stokes’ flow.
In the electrical engineering community, one speaks of neglecting the convective terms.

In this work, we simulate the standard one dimensional nt-n-n* channel and a two dimensional
MESFET, using the complete HD model, as introduced in [10], with Baccarani-Wordeman relax-
ation expressions (see {1]), and then check the validity of (1). From a physical point of view, we
wish to check whether the transport effect is uniformly small. If it is, hyperbolic based algorithms
probably need not be used, and the inertial approximation would appear justified. The numerical
scheme we use is the ENO (Essentially Non-Oscillatory) scheme {11], adapted to device simulations
in [2] and [5]. It has the advantage of both high order accuracy and monotone sharp gradient
transitions.

The one dimensional n*-n-n* channel is a standard silicon diode with a length of 0.6um, with a
doping defined by ng = 5X 103um~3 in [0,0.1] and in [0.5, 0.6], and ng = 2x103um=3 in [0.15, 0.45)
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joined by smooth junctions. The lattice temperature is taken as Tp = 300 K. We apply a voltage
bias of vbias = 0.5V, 1.0V and 1.5V, respectively. Other relevant parameters can be found in [5].
We use a high order ENO scheme (third order) and a very refined grid (200 points), in order to
ensure that the physical model is fully resolved by our numerical result.

Fig. 1 (left) clearly shows that the transport effect (the quantity in Eqn. (1)) is not small near
the junctions. In order to verify that this is not an artifact of the spurious velocity overshoot at
the right junction, we also simulate with a reduced heat conduction coefficient kg = 0.5 to reduce
this spurious overshoot (see [4]). The result, Fig. 1 (right), still shows significant transport effect
at the junctions, especially at the left junction.
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Fig. 1: The transport effect 7,u; for the one dimensjonal n*-n-nt channel. Left: the HD model;
right: the HD model with a reduced heat conduction coefficient kg = 0.5.

To see the effect of ignoring this transport effect and using a reduced hydrodynamic model,
we also make the simulation of the same diode using the reduced HD model with the inertial
assumption. This reduced HD model does not have a momentum equation, is a fully parabolic
system, hence is much easier to solve numerically. The velocity is a derived quantity from the
concentration and energy. We can see from Fig. 2 that the reduced HD model underestimates the
velocity.
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Fig. 2: Velocity at vbias = 1.5. Left: the HD model and the reduced HD model; right: the same
with a reduced heat conduction coefficient kg = 0.5.

Next we simulate a two dimensional MESFET of the size 0.6 x 0.2um?. The geometry as
well as the doping (in pm™3) is shown in Fig. 3, left. We apply, at the drain, a voltage bias
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vbias = 2V. The gate is a Schottky contact, with a negative voltage bias vgate = —0.8V and a
very low concentration value n = 3.8503 x 10~8um™3. The lattice temperature is again taken as
To = 300 K. A high order (third order) ENO scheme with a very refined grid of 192 x 64 points is
used. Again, this is to ensure that the physical model is fully resolved by the numerical scheme.
Boundary conditions and other parameters can be found in [5].

Fig. 3, right, shows that the transport effect is not small near the contacts. For easy presen-
tation, we have listed an integer at every other grid point in the MESFET in Fig. 3, right. This
integer is ten times the transport effect formula in Eqn. (1), capped from above by nine.
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Fig. 3: Two dimensional MESFET. Left: the geometry and the doping ng4; Right: the transport ef-
fect. The integers denote the integer part of ten times the transport effect: [ 107, \/ ul + u? + vk 4 v2 ] .
If it is larger than 9, then 9 is shown.

From these two examples we can conclude that, in device simulations, the transport effect is
not uniformly small. This justifies the usage of hyperbolic based shock capturing schemes (e.g., [5])
for device simulation. It also justifies the usage of the full HD model.

II. TEST FOR HYPERBOLICITY.

In this section, we would like to discuss the hyperbolicity check of the first derivative part in
the following Eqn. (2), for the HD model, the modified HD model in [13], and for the ET model in
[7]. Both HD and ET models can be expressed in the following form:

wy + fl(w)x + f2(w)y = T(w)) (2)

where the right-hand-side r(w) contains both the forcing terms due to the relaxation, which are
nonlinear functions of w, and the second derivative terms due to the heat conduction. The analysis
of the first derivative component of the HD and ET models should not be confused with the
mathematical classification of the complete systems (2). Exclusive of the Poisson equation, these
are classified as parabolic/hyperbolic and parabolic, respectively. Such classification can be found
in, e.g., [3]. Since we are interested in the situation that higher derivatives in the system have
relatively small coefficients, and first derivative terms are either dominant or at least are significant,
we will study only the first derivative part.

The definition of the first derivative part fi(w)s + fo(w), as hyperbolic is: & F(w) + E.f(w)
with real & and £;, has only real eigenvalues and a complete set of eigenvectors. If the first
derivative part is hyperbolic, and if the first derivative part dominates the system or is at least
significant, then hyperbolic based algorithms (like ENO) can be very effective. On the other hand,
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if the first derivative part is not hyperbolic, the system is of mixed hyperbolic-elliptic type, and
the mathematical theory about the solution to (2), when the right-hand-side tends to zero, is very
complicated and in many cases still unsolved. Likewise, numerical methods for such mixed type
systems are also complicated and under developed (see e.g., [12]). We would thus desire to avoid
the appearance of mixed type first derivative part when modifying the models. Notice also that in
many modifications to the hydrodynamic models (e.g., [13],[8]), the right-hand-side of Eqn. (2) is
changed to contain some first derivative terms also. Although in practical computations these terms
are treated as small perturbations and approximated separately, the justification that these terms
are indeed “small” can only come from moving these terms to the left-hand-side, absorbing them
into fi(w) and fo(w), and then checking hyperbolicity. We have performed such a hyperbolicity
check for the standard HD model, the modified HD model [13], and the ET model [7]. It is found
that all three cases have hyperbolic first derivative parts. The details can be found in [6]. We
have to resort to numerical techniques to check the hyperbolicity of the first derivative part for the
modified HD model in [13].

IV. REFERENCES.

{1] G. Baccarani and M.R. Wordeman, An investigation of steady-state velocity overshoot effects in
Si and GaAs devices, Solid State Electr., v28, pp.407-416, 1985.

[2] E. Fatemi, J.W. Jerome, and S. Osher, Solution of the hydrodynamic device model using high-
order nonoscillatory shock capturing algorithms, IEEE Trans. Computer-Aided Design of Integrated
Circuits and Systems, CAD-10, pp.232-244, 1991.

[3] C. L. Gardner, The guantum hydrodynamic model for semiconductor devices, SIAM J. Appl.
Math., v54, pp.409-427, 1994.

[4] A. Gnudi, F. Odeh and M. Rudan, Investigation of non-local transport phenomena in small
semiconductor devices, European Trans. on Telecommunications and Related Technologies, v1(3),
pp.307-312 (77-82), 1990.

[5] 3.W. Jerome and C.-W. Shu, Energy models for one-carrier transport in semiconductor devices,
in IMA Volumes in Mathematics and Its Applications, v59, W. Coughran, J. Cole, P. Lloyd and J.
White, eds., Springer- Verlag, to appear.

[6] J.W. Jerome and C.-W. Shu, Transport effects and characteristic modes in the modeling and
stmulation of submicron devices, preprint, 1994.

[7] E.C. Kan, D. Chen, U. Ravaioli and R.W. Dutton, Formulation of macroscopic transport models
for numerical simulation of semiconductor devices, preprint.

[8] S.-C. Lee and T.-W. Tang, Transport coefficients for a silicon hydrodynamic model extracted
from inhomogeneous Monte-Carlo calculations, Solid State Electr., v35, pp.561-569, 1992.

[9] B. Meinerzhagen, R. Thoma, H.J. Peifer, and W.L. Engel, On the consistency of the hydrody-
namic and the Monte Carlo models, Proceedings of the Second International Workshop on Semi-
conductors, pp. 7-12, Beckman Institute, University of Illinois, 1992.

[10] M. Rudan and F. Odeh, Multi-dimensional discretization scheme for the hydrodynamic model
of semiconductor devices, COMPEL, v5, pp.149-183, 1986.

[11] C.-W. Shu and S.J. Osher, Efficient implementation of essentially non-oscillatory shock cap-
turing schemes, II, J. Comput. Physics, v83, pp.32-78, 1989.

(12] C.-W. Shu, A numerical method for systems of conservalion laws of mized type admitting
hyperbolic fluz splitting, J. Comput. Physics, v100, pp.424-429, 1992.

[13] M.A. Stettler, M.A. Alam, and M.S. Lundstrom, A critical ezamination of the assumptions
underlying macroscopic transport equations for silicon devices, IEEE Trans. Electron Devices, v40,

pP.733-740, 1993.

255





